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ABSTRACT  (UNCLASSIFIED) 

The  possibilities  of  realising  phased  array  antennas  in  the  mis -wave  re- 
giot  is  reviewed  in  a  general  way.  The  use  of  discrete  components  and 
'bulk1  materiel  is  discussed. 

The  MHIC  techniques  for  the  realisation  of  phased  array  components  are 
excluded  from  this  report. 

A  survey  is  given  of  the  different  electronic  scan  possibilities.  PIN 
diode  phase  shifters  and  different  types  of  farrite  phase  shiftets  are 
discussed,  including  the  principle  functioning  of  these  components  as 
well  as  the  advantages  and  dUavan  .ages. 

The  availability  "f  various  ferritr  materials  fur  phase  shifters  is 
discussed. 

Vhe  requirements  for  phased  array  antennas  and  its  phase  shifters  are 
given.  This  include*  a  discussion  on  array  element  spacing,  side-lobe 
level  and  related  power  level*,  effect  of  pulse  repetition  frequency  and 
mutual  coupling. 

An  attempt  Is  sad*  to  correlate  all  the  available  information  at  cm- 
wavelength  (3-18  CHs)  and  to  extrapolate  it  to  ta-vaveiength.  All  the 
detailed  properties  of  the  phase  shifters  are  included. 

The  experimental  results  of  co-wave  phase  shifters  are  given  and  toe- 
pared  with  the  extrapolated  results  given. 
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The  design  and  the  experimental  results  of  three  millimetric  phased 
array  antenna  systems  are  discussed. 

Some  eleven  conclusions  and  recommendations  are  given. 
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SAMENVATTINC  (ONGERUBRICEERD) 

De  realisatiemogelijkheden  van  array  antennes  in  het  millimeter  goli* 
lengtegebiedi  met  electronisch  gestuurde  bundels  worden  besproken. 

Het  gebruik  van  losse  componenten  en  van  "bulk*  mater iaal  is  beschouud. 
De  realisatiemogelijkheden  met  bohulp  va  .  monolytische  microgolf  geinte- 
greerde  circuits  (MM1C)  zijn  niet  behandeld  in  dit  rapport  omdat  momcn- 
teel  nog  tc  veinig  hievover  bekend  is. 

In  de  toekomst  zal  daze  mogelijkheid  in  een  separaat  rapport  worden 
behandeld. 

Phased  array  antennes  worden  veelvuldig  gabruikt  in  het  ca/da- golf long- 
tagebied-  In  het  eaa-golflenstegebf.ed  zijn  nu  enkele  systersen  in  ontvik- 
ksliag  an  in  de  toekomst  zuller.  er  vde  volgen.  Hot  gobruik  van  elektro- 
nlscbe  scan  kan  da  eigenschappan  van  doze  systemen  vevbetoren. 
Verschillendc  typer;  fasedraaiers  die  gerealiseerd  zijn  worden  besproken. 
Da  baschlkbaarheid  van  de  oaterialon  biervoor  voroen  een  punt  van  dis¬ 
cuss  la. 

Een  uitvoerlg  ovarzlcht  Is  gogeven  van  de  oigenschappen  van  een  geprodu- 
oaerda  eerie  fasedraaiers  mat  da  reaultarende  algenschappen  van  een  It* 
nealre  phased  array  antenna  waarin  dese  elcoenten  zijn  geplaatst. 
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1 .  INTRODUCTION 

The  possibilities  of  realizing  phased  array  antennas  in  the  nun-wave  re¬ 
gion  is  reviewed  in  a  general  way.  The  use  of  discrete  components  and 
bulk  material  is  discussed. 

The  MMIC  technique  for  Che  realization  of  phased  array  components  are 
excluded  from  this  report.  This  topic  might  be  presented  in  the  future 
in  a  separate  report  after  that  this  technique  has  matured. 

Phased  array  antennas  are  widely  used  in  the  cm/dm  wavelength  region  in 
a  large  variety  of  military  systems  during  the  last  two  decannia.  During 
the  last  decennium  a  large  activity  has  taken  place  in  the  nun-wave  re¬ 
gion  and  a  few  military  systems  have  been  fielded  and  many  others  are 
under  development.  The  need  for  electronic  scanning  has  become  clear.  It 
reduces  systems  complexity  and  replaces  mechanical  gimbals  which  are  ex¬ 
pensive  and  have  Coo  slow  a  scanning  rate  for  many  applications.  In  cer¬ 
tain  applications  tho  components  and  devices  must  endure  high  accelera¬ 
tion  (g's). 

In  this  report; 

1)  A  survey  is  given  of  the  different  electronic  scan  possibilities 
and  of  the  available  phase  shifter  types  and  of  those  aspects  and 
properties  which  might  be  critical  in  the  mm-wave  region. 

2)  The  requirements  for  phase  shifters  to  bo  used  in  a  phased  array 
antenna  ere  discussed. 

3)  A  survey  of  achieved  phase  shifter  properties  at  cm  wavelength  is 
given  with  an  extrapolation  to  the  em-wave  region. 

4)  The  availability  of  suitable  ferrite  materials  for  phase  shifters 
in  the  mm-waje  region  is  reviewed. 

3)  Tho  experimental  results  of  phase  shifters  with  these  ferrites  in 
the  nua-wave  region  is  presented. 

6)  An  electronic  scan  technique  at  tun-wevolength  using  'bulk  mate¬ 
rial1  is  discussed. 
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7)  The  results  of  a  linear  phased  array  antenna  at  35  GHz  with  broad 
bandwidth  and  low  side  lobes  which  has  been  designed  and  manufac¬ 
tured  in  the  Netherlands  is  given, 

8)  The  possibility  to  realize  a  planar  phased  array  antenna  with  2N 
master  drivers  instead  of  Na  standard  farrite  drivers  is  re¬ 
viewed  . 
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2.  SURVEY  OF  ELECTRONIC  SCAN  POSSIBILITIES 

2.1  Frequency  scan  in  a  linear  phased  array  antenna 

This  method  uses  a  frequency  change  to  scan  the  beam  in  one  plane  as 
shown  in  figure  2.1.  The  drawing  at  the  top  is  a  waveguide  with  radia¬ 
ting  slots  in  one  wall.  The  wavelength  Ag  inside  this  waveguide  is  fre¬ 
quency  dependent  and  so  is  also  the  freespace  wavelength  A.  However,  the 
frequency  dependence  of  Ag  is  different  from  that  of  A. 

A  certain  phase  difference  will  exist  between  the  radiator  A  and  B.  The 
result  will  be  the  equal  ph/.se  plane  BC  and  the  radar  wave  will  propa¬ 
gate  perpendicular  to  it.  A  chango  in  frequency  will  result  in  a  change 
of  phase  between  A  and  B  resulting  in  a  change  of  the  equal  phase  front 
BC.  The  direction  of  the  propagation  is  therefore  related  to  the  fre¬ 
quency.  A  ten  percent  frequency  change  will  result  in  only  a  beam  direc¬ 
tion  (scan  angle)  change  of  about  8*.  In  order  to  obtain  more  scan  angle 
change,  a  serpentine  like  waveguide  structure  is  used  as  Indicated  at 
the  bottom  curve  of  figure  2.1.  In  this  construction  many  Ag's  are  pre- 
«ent  between  the  radiating  apertures  A  and  B  resulting  in  an  increased 
scan  angle  variation  with  frequency.  The  fact  that  the  scan  direction  is 
frequency  dependent  is  not  so  ideal  regarding  ECN. 

2.2  Phase  scan  in  a  linear  phased  array  antenna 

This  method  uses  a  phase  change  to  scan  the  beam  in  one  plane.  The 
structure  with  which  this  can  be  achieved  is  given  in  figure  2.2  and 
consists  of  c.  row  of  parallel  phase  shifters  placed  at  a  short  distance 
(»A/2)  from  each  other.  Each  phase  shifter  can  change  the  phase  by  360*. 
in  the  example  given  in  figure  2.2  the  required  beta  direction  is  givan 
by  the  arrow  end  an  equal  phaec  front  haa  to  ba  realized  perpendicular 
to  it.  The  shortest  di stance  of  each  phase  shifter  to  this  plane  can  be 
calculated  and  expressed  in  wavelengths.  Each  wavelength  equals  360*  (2* 
radian)  of  phase.  In  this  way,  the  pi  vase  value  n.360*  ♦  w  will  be  novn. 
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The  phase  si- ‘.lea*  ip  question  needs  to  be  set  at  this  <p  deg  of  phase 
shift.  (n.JoO*  can  ui  ooltted  at  a  fixed  frequency).  In  setting  all  the 
phase  shifters  at  the  required  pnase  value,  the  equal  phase  front  will 
be  formed.  It  1j  assumed  that  all  phase  shifters  are  fed  in  phase  at  the 
other  end  (input). 

When  this  is  not  the  case,  the  knorn  phase  differences  can  be  incor¬ 
porated  in  the  phase  settings. 

For  each  frequency  these  phase  settings  can  easily  be  calculated  for  the 
same  antenna  beam  direction.  Therefore  all  frequency  values  can  be  used 
for  each  direction  rhlch  is  a  good  ECCM  feature,  in  case  the  frequency 
is  changed  during  transmission  (at  fixed  phase  settings),  it  can  be 
shown  that  on  equal  phase  front  remains  but  that  its  position  is  changed 
slightly.  This  change  is  scan  angle  8  dependent  and  the  change  is  lar¬ 
gest  at  the  largest  0  value  (largest  number  of  wavelengths  between  an- 
cenna  front  and  equal  phase  plane).  The  frequency  bandwidth  which  can  be 
accepted  regarding  angle  accuracy  is  called  instantaneous  bandwidth. 

From  transmitted  pulse  to  pulse  the  beam  direction  can  b«  changed  arbi¬ 
trarily  within  tha  designed  scan  sector  (within  for  example  -»60*  and 
-60*). 

The  energy  is  distributed  ever  the  phase  shifters  and  depending  on  this 
distribution  (side- lobe  level  requirement)  tha  percentage-  of  aach  phase 
shifter  is  known. 

Another  less  attrscclve  way  of  phase  scanning  in  one  plane  Is  to  place 
the  phase  i. (lifters  in  strier  instead  of  parallel.,  this  ease  t#  given  In 
figure  2.3  by  tha  lsft  hand  part.  The  disadvantage  of  this  solution  is 
that  the  first  phase  shifter  has  to  support,  tha  total  power  and  that  the 
losses  of  the  phase  shifters  will  be  added  cumulatively  The  aaplitude 
distribution  for  the  required  side-lobe  level  is  nor*  difficult  to  rea¬ 
lise.  The  phase  setting  Is  identical  for  all  tha  phaee  shifters 


2.3 


Phase -phase  scan  in  a  planar  phased  array  antenna 


For  a  planar  phased  array  anter.iva  with  n  x  a  phase  shifters  the  beam  can 
be  scanned  In  ell  directions  within  s  solid  angle  In  space  (for  instance 
!60'  from  the  perpendicular  of  the  antenna  surface  (broadside)).  The 
situation  is  presented  in  figure  2.4.  In  a  siailar  way  as  explained 
section  2.2  the  distance  ft. a  each  phase  shifter  to  the  equal  phas? 
plane  can  be  calculated  resulting  in  the  required  phase  setting  each 
ele&ent . 

At  each  frequency  the  satse  bean  direction  can  be  obtained  uh : . >\  is  again 
a  good  ECCM  feature.  The  total  radiatsd  power  will  he  distributed  over  a 
attch  larger  amount  of  pha-te  shifters  Chen  for  the  linear  phased  array 
antenna  resulting  in  a  much  lower  required  powvr  handling  capability. 

Also  the  dissipation  in  each  array  eleeant  (phase  shifter)  l*  reduced 

2.4  Phase- frequency  scan  in  a  plana;  phased  array  antenna 

The  boas  direction  can  alao  be  directed  in  a  solid  angle  In  spaee  with 
the  aid  of  a  combination  of  frequency  scan  and  phase  scan  (section  2.1 
and  ?.?).  The  antenna  xtructure  t#  pi*s«.vted  in  figure  2.3.  With,  the 
phase  scan  the  bea*  direction  can  be  altered  in  the  vertical  plane  of 
figure  2.5.  and  with  the  frequency  scan  in  the  horizontal  plane.  Tts> 
phase  and  frequency  scan  plane*  are  of  course  Interchaugaable 
last  phase  shifter*  ere  needed  than  for  the  phase -f‘a»a  ocan  case  but 
instead  «  serpent  In*  waveguides  are  needed  and  the  required  power  *ta«d 
ling  capability  of  the  phase  shifter  is  larger  e$ain 
THe  direction  l*  frequency  dependent  which  in  Wot  ideal  fci«  an  EO< 
paint  of  view 

An  eltenwcS**  construction  is  given  Sn  figure  2.3  (**».-#  v«#' ,  'he  <fk*d. 
vanteget  associated  with  this  costs  trust  ion  have  been  mentioned  in 
section  2.2. 
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3.  SURVEY  OF  DIFFERENT  TYPES  OF  PHASE  SHIFTERS 

The  phase  shifters  to  be  used  in  a  phased  array  antenna  can  in  the  first 
instance  be  split  intc  two  groups,  the  PIN  diode  phase  shifter  and  the 
ferrite  phase  shifter.  The  PIN  diode  phase  shifter  can  be  split  into  two 
groups  and  the  ferrite  phase  shifter  into  three  groups.  Each  of  them 
will  have  different  properties,  advantages  and  disadvantages  as  dis¬ 
cussed  below. 

In  practice  the  exact  required  phase  shift  for  each  phase  shifter  will 
not  be  utilised.  The  phase  is  set  in  a  "digital"  way  as  for  example  in 
values  of  180°,  90°,  45°,  22.5°,  11.25*  etc.  With  a  combination  of  these 
values ,  the  required  one  is  approached  as  closely  as  possible . 

The  smaller  the  number  of  digital  values  which  are  available,  the  larger 
will  be  the  resulting  error.  A  4  bit  phase  shifter  is  one  where  the 
values  180°,  90°,  45’  and  22.5*  are  available.  The  maximum  error  is  then 
±11.25°.  For  a  3  bit  phase  shifter  the  maximum  error  is  22.5*  etc. 

3 . 1  PIN  diode  phase  shifter 


3.1.1  PIN  diode  phase  shifter  on  substrate 

The  PIN-diode  phase  shifter  is  usually  realized  on  a  substrate  of  which 
AloOj  (alumina)  substrate  is  the  most  common  one.  With  the  aid  of  PIN 
diodes  different  strip)  ino  lengths  are  switched  ir.  each  representing  s 
certain  corruspondlng  phase  shift.  The  h.f.  wave  will  enter  this  length 
section  and  after  reflection  this  wave  will  propagate  backwards  to  the 
entrance.  For  instance,  a  quarter  vavelength  section  will  correspond  to 
180°.  For  each  bit,  two  PIN  diodes  are  needed  and  a  4  bit  phase  shifter 
needs  therefore,  8  PIN  diodes. 

With  an  increase  in  number  of  bits  more  diodes,  a  larger  total  path 
length  and  inherently  higher  cost  and  losses  are  the  result.  Since  the 
employed  path  length  is  a  reciprocal  component,  the  phase  setting  will 
be  Independent  of  the  h.f..  propagation  direction  which  means  the  same  on 
transmit  and  receive.  The  PIN  diode  can  be  switched  very  fast. 
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The  power  handling  capability  can  bo  adapted  within  limits,  by  the 
choice  of  the  PIN  diodes.  The  higher  the  power  level,  the  higher  the 
loss  in  the  phase  shifter.  As  will  be  shown  later  in  this  report 
(section  7.1),  the  insertion  loss  of  this  type  of  phase  shifter  in¬ 
creases  significantly  with  increasing  frequency  in  the  mra-wav®  region. 

A  photo  of  a  4  bit  PIN  diode  phase  shifter  at  10  GHz  is  given  in  figure 
3.1. 

3.1.2  PIN  diode  phase  shifter  mounted  on  dielectric  waveguide 

3. 1.2.1  Introduction 

Dielectric  waveguide  integrated  circuits  have  been  introduced  at  milli¬ 
metre  wave  frequencies  for  circumventing  the  difficulties  the  conven¬ 
tional  rectangular  waveguide  and  microwave  integrated  circuits  techno- 
l«yv  is  expected  to  encounter  at  millimetre  wave  frequencies.  Above 
£*$  GHz  metal  rectangular  waveguide  becomes  progressively  more  expensive 
and  lossy  with  Increasing  frequency,  and  Che  us®  of  high  purity  semi¬ 
conducting  materials  as  low- loss  dielectric  waveguide  becomes  particu¬ 
larly  important  since  active  devices,  such  as  oscillators,  Gunn  or 
IMPATT  diodes,  mlrers.  detectors,  and  modulators  can  all  be  monolithic- 
ally  fabricated  into  the  semi -conducting  waveguide.  Furthermore,  the 
dielectric  wave-guide  can  serve  also  as  a  conventional  radiating  element 
and  it  is  easy  to  fabricate. 

The  cross-sectional  dimensions  of  a  single  mode  dielectric  waveguide  are 
typically  of  the  order  of  ona  wavelength.  The  wavs  propagating  coctmnisa 
in  dielectric  waveguide  dees  not  depend  on  the  existence  of  metallic 
boundaries,  but  rather  on  the  total  internal  reflections  at  the  dielec¬ 
tric  boundaries.  Instead  of  conductor  losses,  the  -Min  contribution  to 
the  wave  attenuation  comes  from  the  dielectric  material  lose  and  radia¬ 
tion  lose  caused  mainly  by  bends  and  junctions. 
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Therefore,  at  the  junction  of  a  solid  state  device  and  a  dielectric 
waveguide,  quite  complicated  wave  interactions  take  place.  The  success 
of  dielectric  waveguide  techniques  largely  depends  on  the  correct  under¬ 
standing  of  such  phenomena  and  subsequent  suppression  or  prevention  of 
them. 

Several  types  of  dielectric  waveguides  have  been  investigated  for  milli¬ 
metre  wave  integrated  circuit  applications.  The  aost  frequently  used  one 
is  the  rectangular  rod  waveguide  placed  in  free  space. 


3. 1.2. 2  Principle  of  operation  of  phase  shifter 

One  important  aspect  of  millimetre  wave  devices  is  the  control  of  phase 
and  amplitude  of  a  wave  propagating  through  tha  dielectric  waveguide. 

A  well-known  method  of  altering  the  dispersion  of  millimetre  waves  in 
the  dielectric  waveguide  is  to  change  the  boundary  conditions  of  the 
semiconductor  waveguide  through  conductivity  modulation  of  the 
PIN  dioae  mounted  on  the  sidewall  of  the  waveguide.  Confined  propagation 
in  the  )ow-)oss  silicon  waveguide  is  due  to  total  internal  reflection. 

An  exponentially  decaying  evanescent  field  exists  external  to  the  guide. 
Confinement  imposes  dehor  decreasing  the  wavelength,  increasing  the 
guido  dimensions  or  increasing  the  dielectric  constant  of  the  dielectric 
wavs guide. 

In  the  limit  of  large  conductivity  in  the  PIN  diode  intrinsic  region, 
the  diode  effectively  appears  a«  a  metal  plane.  For  the  large  conducti¬ 
vity  condition,  conduction  curront  is  ouch  greacer  than  the  displacement 
current  In  the  intrinsic  region  of  the  PIN  diode,  ft  quantitative  measure 
of  this  ratio  is  given  by 


o 
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where  o  -  conductivity,  w  -  frequency,  and  t  —  permittivity,  A  critical 
conductivity  value,  ac  •  u< ,  can  be  used  to  define  a  crossover  point  of 
conductivity  required  to  yield  a  phase  shift  condition  characteristic  of 
metal  boundary.  This  is  a  qualitative  measure,  yet  it  provides  an  in¬ 
sight  to  the  phase  shifter  that  is  consistent  with  experimental  results. 
The  incorporation  of  this  type  of  phase  shifter  in  an  electronic  scan 
technique  will  be  discussed  in  chapter  8. 

3. 1.2. 3  PIN  diode  phase  shifter  design 

When  a  PIN  diode  is  operated  under  forward  bias  in  the  state  of  the  high 
carrier  concentration,  the  average  conductivity  of  the  intrinsic  region 
is  gi-an  by  a  -  (Ifi30rl)/(WA) .  In  order  to  minimize  the  required  current 
I  for  a  given  conductivity  o  it  is  required  that  the  PIN  diode  be  de¬ 
signed  with  a  minimum  of  depletion  region  W,  large  excess  carrier  life¬ 
time  t  ,  and  small  cross-section  area,  A. 

A  variety  of  geometrical  PIN  diode  designs  have  been  explored.  The 
structure  utilized  to  measure  phase  shift  consisted  of  rectangular  semi¬ 
conductor  waveguide  with  tapered  ends  to  allow  efficient  transition  of 
ffililimatre  wave  energy  both  to  and  from  a  conventional  metal  wavoguide. 
The  width  a  and  heigut  b  of  the  guide  are  selected  such  that  it  supports 
the  E^j  mode.  The  PIN  diodes  either  of  rectangular  or  trapezoidal  shape 
have  teen  metallised  or  two  opp- site  sides  and  positioned  either  sym¬ 
metrically  or  asymmetrically  on  the  silicon  wave  gu'ding  structure  in 
such  a  way  diet  the  E  field  is  normal  to  the  metallic  surfaces.  In 
ftgi.d  3.2  is  a  schematic  of  the  electronically  controllable  PIN  phase 
shifter. 

The  phase  shift,  ci,  for  given  section  of  waveguide  of  length  l  is  do  - 
tcrained  ov  computing  the  propagation  constant  In  the  direction  of  wave 
propagation  ?lret  in  the  unbiased  state  of  chu  PIN  diode  K.  and  then 
with  the  biased  state  of  the  PIN  diode  Kj  as  follows: 


Ad  -  (Kj  -Ks)i 
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Equations  for  the  propagation  constants  Kz  and  Kz  can  be  derived  [1]. 

An  example  of  phase  shifter  test  fixture  is  given  in  figure  3.2.  Shown 
are  the  two  transitions  from  the  metal  waveguide  to  the  silicon  dielec¬ 
tric  waveguide  with  a  cross-section  of  0.04  x  0.04  inch.  A  PIN  diode  is 
placed  against  one  side  of  the  silicon  waveguide  and  bias  wires  are  at¬ 
tached  to  this  diode. 

An  example  of  the  generated  phase  shift  with  the  bias  current  is  given 
in  figure  3.3.  The  results  are  preliminary  results  at  about  73  GHz.  Much 
improvement  is  still  foreseen  as  will  be  discussed  in  section  7.4. 

3.2  Ferrite  phase  shifters 

3.2.1  Reggia- Spencer  type  of  reciprocal  ferrite  phase  shifter 

The  first  type  of  developed  ferrite  phase  shifter  was  the  so  called 
Reggia- Spencer  phase  shifter  [ 2 ) .  A  rod  of  ferrite  is  placed  around  the 
centre  of  a  waveguide  and  matched  to  the  empty  waveguide  in  front  and 
behind,  with  the  aid  of  quarter  wavelength  transformers. 

A  large  amount  of  windings  in  Cho  form  of  a  solenoid  are  wrapped  around 
the  waveguide.  With  the  aid  of  a  d-c  current  through  this  solenoid,  an 
axial  magnetic  field  is  produced  it  in  which  magnetizes  the  ferrite  rod. 
A  skotch  of  tho  phase  shifter  is  given  in  figure  3.4. 

The  guide  wav.  length  of  the  section  with  the  ferrite  is  a  function  of 
the  magnetization  of  this  rod  and  due  to  a  change  in  magnetization  a 
phase  change  will  result.  The  phase  change  as  a  function  of  d.c  current 
is  given  In  figure  3.S.  With  the  choice  of  the  ferrite  material  and  the 
optimum  cross-section  and  length  of  the  rod,  a  360*  phase  change  can  be 
realized  with  s  minimum  loss.  The  quality  of  a  phase  shifter  is  given  by 
Che  so  called  figure  of  merit,  which  is  the  ratio  of  saturated  differen¬ 
cial  phase  shift  with  insertion  loss  (d«g/dB>.  The  component  Is  recipro¬ 
cal  which  means  that  the  phase  change  is  the  same  for  both  propagation 
directions  through  this  phase  shifter. 
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The  d.c  current  must  be  maintained  in  order  to  preserve  the  phase  set¬ 
ting  (hold  current) .  For  "fast"  switching  the  standard  waveguide  wall  is 
replaced  by  a  very  thin  one,  but  nevertheless  the  switching  time  remains 
large  due  to  the  self  induction  of  the  many  hundred  turns  in  the 
solenoid. 

This  type  of  phase  shifter  is  frequency  dependent  which  means  that  for 
each  frequency  a  separate  phase-current  curve  must  be  used.  Moreover  the 
temperature  dependence  is  net  always  ideal. 

This  type  of  phase  shifter  is  used  in  the  first  operational  phased  array 
radar  in  the  years  sixties  (3].  Later  more  suitable  phase  shifter  types 
have  been  designed  which  will  be  discussed  in  the  following  sections. 

3.2.2  Non-reciprocal  latched  ferrite  phase  shifter 

3. 2. 2.1  Principle  of  operation 

Theoretically  it  can  be  shown  (4)  that  two  narrow  ferrite  slabs  placed 
close  eogother  in  the  centre  part  of  «  waveguide  with  the  slab  plane 
parallel  to  the  narrow  wall  and  magnetized  in  an  opposite  direction  per¬ 
pendicular  to  the  broad  wall  of  the  waveguide  can  produce  a  phase  shift. 
The  situation  is  sketched  in  figure  3.6. 

Hagnotizing  the  two  slabs  in  tho  opposite  direction  will  rosulc  in  a 
change  in  phase  shift. 

This  theoretical  situation  can  be  adapted  to  a  practical  one  by  using  a 
toroidal  ferrite  rod  as  sketched  in  figure  3.7.  In  chis  way  a  closed 
magnetic  loop  in  Che  transverse  direction  is  obtained  and  the  magnetiza¬ 
tion  in  the  two  opposite  directions  can  be  realized  with  a  axial  switch¬ 
ing  wire  through  the  hole  in  che  toroid. 

Tho  advantage  of  chis  construction  is  that  the  ferrite  remains  magne¬ 
tized  because  of  the  closed  loop  (no  hold  current) .  The  solenoid  of 
figure  3.4  (section  3.2.2)  is  replaced  by  one  wire  (loop)  and  a  fast 
switching  time  is  the  result. 

Toroids  with  a  circular  cross-section  and  a  concentric  axial  hole  are 
used  frequently.  A  wave  propagating  through  this  phase  shifter  with  the 
direction  of  the  d.c.  current,  will  see  a  clockwise  magnetized  ferrite. 
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For  the  sane  situation  a  wave  propagating  In  the  opposite  direction  will 
see  a  counter  clockwise  magnetization.  The  phase  shift  is  therefore  not 
the  same  for  both  directions  and  the  phase  shifter  is  therefore  a  non¬ 
reciprocal  component. 

After  the  transmission  of  the  radar  energy  through  a  phased  array  an¬ 
tenna  with  these  type  of  phase  shifters,  the  antenna  phase  setting  must 
be  adapted  in  order  to  receive  the  reflected  energy  from  targets  in  the 
transmit  direction.  The  phase  setting  does  not  have  to  be  recalculated. 
Only  the  same  d.c  current  pulse  must  be  sent  through  the  switching  wire 
but  in  the  opposite  direction. 

In  order  to  make  sure  that  the  starting  point  before  each  required  phase 
setting  is  identical,  a  very  large  saturation  pulse  is  sent  through  the 
switching  wire  which  magnetizes  the  ferrite  toroid  into  saturation.  The 
saturation  point  is  called  remanent  point  and  depending  on  the  magneza- 
tion  direction  and  h.f.  wave  propagation  direction  this  point  is  called 
+remanont  point  or  -remanent  point. 

The  saturation  pulse  followed  by  the  phase  setting  pulse  will  cost  some 
time  (=20  ;is)  and  during  this  time  the  antenna  has  no  receiving  beam  in 
the  direction  of  the  transmission.  The  equivalent  range  involved  where 
the  radar  cannot  detect  targets  in  an  appropriate  way  is  called  the 
dead-zone.  For  20  jjsec  this  will  be  3000  in.  Because  the  received  re¬ 
flection  of  close-in  targets  is  very  large,  a  signal  will  always  be  re¬ 
ceived  via  "mainbeamV  sidelobes,  but  the  direction  of  the  carget  cannot 
be  established.  For  long  range  systems  this  disadvantage  is  not  a 
problem.  For  short  range  systems  generally  much  higher  frequencies  are 
used  and  the  amount  of  fo'erito  to  be  magnetized  is  then  also  much 
smaller  and  a  faster  switching  time  can  be  realised  with  practical 
switch  circuit  voltages  (30  Volt).  Special  switching  techniques  can  also 
avoid  the  large  dead-zone  problem. 

The  required  phase  setting  can  be  achieved  with  two  dlfferont  methods. 

In  tho  first  one.  a  180',  90',  i«S*,  22.5*  bit  etc.  tan  be  realized,  each 
b*e  with  its  own  driver,  where  a  saturation  pulse  is  used  to  magnetize 
each  ferrite  toroid.  The  second  one  uses  one  large  toroid  which  can  de¬ 
liver  at  lease  360*  phase  shift  in  saturation.  B'-  partly  magnetizing 
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this  large  ferrite  toroid  any  required  phase  setting  below  360*  can  be 
achieved.  In  this  case  only  one  driver  is  needed.  This  driver  must  mag¬ 
netize  the  large  ferrite  rod  and  must  be  therefore  more  powerful.  In 
practice  a  constant  voltage  is  employed  and  the  duration  of  the  magne¬ 
tizing  pulse  is  used  to  obtain  the  required  phase  shift  value. 

After  this  magnetizing  pulse,  the  maximum  achieved  magnetization  during 
the  pulse  will  be  reduced  slightly.  The  situation  is  given  in  figure 
3.8. 

The  frequency  bandwidth  for  which  the  differential  phase  shift  (phase 
setting)  is  independent  of  frequency  can  be  achieved  with  the  proper 
cross-section  of  the  phase  shifter,  namely  the  ferrite  cross-section  and 
the  optimized  waveguide  width. 

The  width  of  the  ferrite  loaded  waveguide  can  therefore  not  freely  be 
chosen,  and  is  a  dependent  quantity.  Examples  will  be  given  in  chapter  6 
and  7. 

3. 2.2. 2  Temperature  dependence 

In  order  to  understand  the  temperature  dependence  of  this  type  of  fer¬ 

rite  phase  shifter  (and  also  of  the  dual -mode  one  to  be  discussed  in 
section  3.2.6)  the  reaction  of  an  isotropic  ferromagnetic  material  such 
as  the  omployed  ferrite,  to  a  high  frequency  magnetic  field,  when  also  a 
static  magnetic  field  is  applied,  will  be  given.  The  relation  of  the 
magnetic  induction  B  to  the  h.f. magnetic  field  H  is  as  follows. 

The  ||pj!  tonsor  has  the  form 

Ipl  -  jp2  0 
Jp2  pi  0 
0  0  p3 

in  which  pj,  P2  and  pj  are  in  general  complex  quantities  and  are  all 
proportional  to  the  saturation  magnetization  4wNs. 
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This  magnetization  is  temperature  dependent.  In  remanent  point  B  of 
figure  3,8  the  phase  shift  value  is  proportional  to  -  /ij  and  in  rema¬ 
nent  point  F  proportional  to  +  A 2‘  *>0*-nt  ®  is  called  +remanent  point 
and  F  -remanent  point.  Since  the  phase  shift  is  proportional  to  the  mag¬ 
netization  it  follows  that  the  temperature  dependence  at  +remanent 
(point  B)  is  lower  than  at  -remanent  (point  F) . 

In  between  -(-remanent  and  -remanent  the  temperature  dependence  of  the 
differential  phase  shift  is  lower  than  in  point  F.  This  is  the  reason 
why  the  -(-remanent  is  always  taken  as  the  starting  point  for  the  phase 
setting  and  further  that,  the  phase  shifter  is  designed  to  be  able  to 
produce  more  than  360’  phase  shift.  This  last  point  means  that  the  worst 
temperature  dependent  situation  of  -remanent  will  never  be  used. 

It  now  also  becomes  clear  that  the  phase  shifter  with  separate  bits  ob¬ 
tained  via  a  saturation  pulse  for  each  bit  will  have  a  worse  temperature 
dependency  than  the  ocher  method  with  one  large  toroid  partially  magne¬ 
tized. 

It  also  becomes  clear  from  figure  3.8  that  after  the  phase  settings  for 
transmit  and  receive  in  a  phased  array  system  the  full  curve  of  this 
figure  will  be  followed.  As  a  result  the  area  of  this  curve  will  be  pro¬ 
portional  to  the  required  switching  energy  and  to  the  transfer  of 
switching  energy  into  heat. 

In  a  phased  array  radar  several  hundreds  to  a  few  thousand  of  pulses 
will  be  transmitted  per  second  with  the  consequent  dissipation.  To  ob¬ 
tain  a  small  switching  time  and  to  minimize  this  disoipation,  a  ferrite 
material  will  be  preferred  with  a  narrow  hysteresis  loop  as  given  in 
figure  3.8  and  with  as  square  a  hysteresis  loop  as  possible  to  obtain 
the  largest  remanent  phase  shift  in  F(D)  after  the  magnetizing  pulse 
E(C). 

3. 2. 2. 3  Power  handling 

Regarding  the  power  handling  capability  of  the  phase  shifter  we  have  to 
consider  in  the  first  place  the  average  power  which  is  limited  by  the 
dissipation  due  to  the  losses  and  the  temperature  dependence  of  the 
phase  ihifter. 
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In  a  linear  phased  array  antenna  with  n  elements  appropriate  cooling 
must  be  applied  since  the  power  rating  per  phase  shifter  is  high  namely 
about  1/n  of  the  total  power. 

In  a  planar  phased  array  antenna  with  n  x  m  element  this  average  power 
is  generally  of  lesser  concern. 

In  the  second  place  we  have  to  consider  the  peak  power  handling  capabi¬ 
lity  of  the  phase  shifter.  In  this  case  the  limitation  is  not  due  to 
sparking  or  burning  out  the  ferrite,  but  due  to  the  fact  that  above  a 
certain  critical  peak  power  level  (Pcr£t-)  the  so  called  spin  waves  are 
in  resonance  and  will  absorb  a  part  of  the  high  frequency  energy,  re¬ 
sulting  in  high  losses.  A  typical  curve  of  insertion  loss  as  a  function 
of  peak  power  is  given  in  figure  3.9.  From  this  curve  we  see  that  the 
increase  of  loss  is  very  drastic  above  the  critical  peak  power  level. 

The  critical  peak  power  is  slightly  different  in  +  and  -remanent  point. 
In  between  these  two  points  an  in  between  critical  value  is  observed. 

The  peak  power  handling  capability  can  be  improved  with  the  use  of  cer¬ 
tain  ferrite  compositions,  but  in  general  a  higher  peak  power  handling 
capability  will  go  hand  in  hand  with  a  higher  insertion  loss  of  the 
phase  shifter.  Examples  of  peak  power  values  will  be  given  in  chapter  7. 

3. 2. 2. 4  Pressure  dependence 

At  last  it  must  be  mentioned  that  most  ferromagnetic  ferrites  are  magne- 
tostrictive,  which  means  that  some  of  the  ferrite  properties  are  pres¬ 
sure  dependent.  For  the  phase  shifter  this  means  that  the  phase  shift 
will  change  as  a  function  of  tne  applied  pressure,  both  in  the  trans¬ 
verse  direction  (see  figure  3.10)  as  well  as  in  the  longitudinal  direc¬ 
tion  of  the  toroid  (see  figure  3.11). 

A  good  contact  between  the  ferrite  toroid  and  the  waveguide  wall  Is 
needed  to  avoid  high  absorption  peaks  and  to  ensure  proper  heat  trans¬ 
port  for  cooling  purposes.  This  can  result  in  an  applied  transverse 
pressure  on  the  ferrite.  By  addition  of  small  amounts  of  other  materials 
in  the  ferrite  composition  this  pressure  dependency  can  be  reduced. 
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An  example  is  given  in  figure  3.12,  for  a  3  GHz  phase  shifter  using  a 
garnet  material  and  in  figure  3.13  for  a  5.6  GHz  phase  shifter.  The  mag¬ 
nesium-manganese  ferrite  is  considered  to  be  non-magnetostrictive.  An 
example  of  such  a  ferrite  is  R5  and  the  experimental  result  for  it  is 
also  given  in  figure  3.13. 

From  these  results  we  see  that  the  pressure  dependence  for  z-0.15  is 
nearly  the  same  as  for  R5. 

The  fixation  of  the  ferrite  toroid  in  the  waveguide  housing  will  result 
in  an  axial  longitudinal  pressure  on  the  ferrite  when  temperature 
changes  occur,  due  to  the  different  thermal  expension  coefficients  of 
the  ferrite  and  of  the  metal  of  the  waveguide  wall. 

The  addition  of  small  amounts  of  other  materials  in  the  ferrite  composi¬ 
tion  to  avoid  this  longitudinal  pressure  dependence  is  generally  not  the 
same  as  the  addition  needed  for  the  transverse  pressure. 

An  example  for  compensation  for  longitudinal  pressure  is  given  in  figure 
3.14.  A  comparison  between  figure  3,12  and  3.14  shows  that  a  value 
z-0.18  is  optimum  for  longitudinal  pressure  compensation  but  that  a 
value  of  z  -0.13  must  be  preferred  for  the  tranverse  pressure  case. 
Nevertheless  a  very  good  compromise  is  possible  (see  alco  [5]).  At  last 
it  must  be  mentioned  that  in  case  the  ferrite  toroid  is  not  ideally 
straight  a  pressure  will  be  applied  on  the  ferrite  in  the  waveguide.  An 
easy  way  of  testing  the  magr.t  Cc^ct  .ctive  properties  is  by  measuring  the 
change  of  B-H  loop  outside  a  waveguide  as  a  funrt  '.on  of  pressure.  This 
method  is  moreover  frequency  independent. 

An  example  for  tranverse  pressure  is  given  in  figure  3.15  for  the 
original  garnet  (z-0.0)  and  for  a  compensation  z-0.12  and  z  -  0.18. 

The  longitudinal  case  is  given  in  figure  3.16  for  z  -  0,  0.12  and  0.18. 
The  percentage  change  in  differential  phase  shift  and  in  B-value  are  put 
together  in  figure  3.17  for  the  transverse  pressure  case  and  in  figure 
3.18  for  the  longitudinal  case.  Good  agreement  has  been  found  here  and 
also  for  the  5.6  GHz  case  not  presented  here. 
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Uieh  these  results  It  is  shown  that  a  measurement  of  the  B-H  loop  as  a 
function  of  pressure  gives  a  fair  Indication  of  the  nagnetostrictive 
properties  of  the  ferrite  and  is  a  ouch  sispler  measurement  method  than 
the  phase  shift  measurements . 

The  B-H  loop  approach  is  employed  at  om-wave  frequencies  and  examples 
are  given  in  section  7.3. 

3.2.3  Reciprocal  dual-mode  ferrite  phase  shifter 
The  research  with  the  dual -mode  type  of  phase  shifter  was  started  at  a 
later  date  than  the  non-reciprocal  one  described  in  section  3.2.3  .  The 
dual-mode  phase  shifter  makes  use  of  a  metallized  circular  or  square  rod 
(without  concentric  hole  or  gap)  and  is  comparable  with  a  waveguide  com¬ 
pletely  filled  with  ferrite.  Matching  transformers  are  used  at  both  ends 
of  the  phase  shifter.  The  match  can  be  to  empty  waveguide  for  design, 
development  and  test  purposes  or  to  free  space  in  an  array  environment. 

A  linearly  polarized  wave  entering  the  phase  shifter  is  transformed  into 
a  circularly  polarized  wave  with  the  aid  of  a  quarter  wave  polarizer  as 
can  be  seen  in  figure  3.19.  At  the  other  end  of  the  phase  shiftor  a 
quarter  wave  polarizer  transforms  the  circularly  polarized  wave  into  a 
linearly  polarized  one.  A  cross-section  of  it  is  also  given  in  figure 
3.19.  In  between  these  quarter  wave  transformers  a  magnetic  return  path 
is  realized  with  the  aid  of  the  U-shsped  ferrite  blocks.  Only  the  thin 
evaporated  metal  waveguide  wall  is  in  the  magnetic  “closed"  path,  which 
only  slightly  degrades  the  remanent  magnetization. 

Around  the  metal lzed  ferrite  inside  the  magnetic  closed  loop  a  solenoid 
of  10  to  20  turns  Is  applied.  In  this  way  the  ferrite  rod  can  bo  partly 
magnetized  in  Its  length  direction  in  a  similar  way  to  that  described  in 
section  3.2.1  for  the  Reggia- Spencer  type  of  reciprocal  forrito  phase 
shifter. 

The  length  of  the  ferrite  rod  is  chosen  in  such  a  way  that  again  at 
least  360”  saturated  differential  phase  shift  ia  available.  In  reality 
each  of  the  three  parti  o»  this  phase  shifter  (2  quarter  wave  trans¬ 
formers  and  central  part)  Is  non-reciprocal  but  it  can  b«  proved  chat 
ths  complete  phase  shifter  is  a  reciprocal  cospot  at. 
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The  metallized  ferrite  rod  is  capable  of  supporting  two  orthogonal  • 
"dominant"  modes,  e.g.  right-hand  and  left-hand  circularly  polarized 
quasi-TEj^  modes  for  a  round  rod.  When  a  longitudinal  magnetic  bias 
field  exists  in  the  variable-phase  section  of  the  rod,  the  insertion 
phase  increases  for  one  sense  of  circular  polarization  and  decreases  for 
the  ocher.  The  Insertion  phase  through  the  rod  is  antisymmetric  with 
respect  to  the  bias  field  direction  and  the  sense  of  polarization;  i.e., 
the  same  insertion  phase  is  obtained  if  the  direction  of  the  bias  field 
and  the  sense  of  polarization  are  both  reversed.  The  non-reciprocal 
quarter-wave  plates  produce  opposite  senses  of  polarization  in  the  two 
directions  of  propagation  and  the  bias  field  direction  is  intrinsically 
opposite,  hence  the  insertion  phases  for  an  ideal  dual -mode  phase 
shifter  are  equal  for  all  settings  of  the  longitudinal  bias  field  level. 
In  actual  devices,  small  errors  in  the  quarter-wave  plates,  in  the 
structure  symmetry,  and  in  material  homogeneity  will  cause  minor 
deviations  from  absolute  reciprocity. 

Ail  the  properties  of  the  non- reciprocal  phase  shifter  as  discussed  in 
section  3.2  ..  are  also  relevant  for  this  type  of  phase  shifter  with  the 
exception  of  reset  of  the  phase  shifter  after  transmit  since  this  one  is 
a  reciprocal  component. 
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4.  AVAILABILITY  OF  FERRITE  HATERIALS  FOR  PHASE  SHIFTERS 

Ferrite  material  must  be  selected  In  such  s  way  rl  at  no  high  insertion 
loss  ve lues  occur  when  the  ferrite  is  unttagnetlzod  or  weakly  magnetized 
(ferrite  becomes  in  resonance  due  to  certain  internal  magnetic  fields 
which  can  be  as  high  ss  the  4«H£  value),  A  eriteriun  is  that  y  4*Mg/w0 
<1 ,  with  y  the  gyrooagRec ic  ratio.  4wSs  the  saturation  magnetization  end 
the  angular  frequency. 


It  is  generally  agreed  that  a  value  of 


l  <**«s 


=  0.6 


gives  a  good  result  for  nost  applications 

Since  i  is  in  general  close  to  2.8,  in  particular  for  ferrite*  and 
garnets  with  low  porosity,  a  value  of 


0  6  w 

4*M  s  - - ■  »  0.214  is  needed 

*2.8  ° 

Thi*  aeatts  that  for  10  GHz  a  value  of  2140  Gauss*  is  requited,  at 

16  5  Gits  a  value  of  1510  Gauss,  at  15  SRt  a  value  of  about  1500  Gauss 
and  at  vi  GHz  a  value  of  about  20100  Gauss. 

Ferrites  have  been  derived  principally  from  two  basic  aetal -aside 
fault  let.  the  Serrisjgn.ee  ic  spinels  s«4  the  garnets  5  typical  spinel 
ferrite  is  Klfv-jO^  in  addition  nickel,  compositions  of  aagnetiu*- 
uiqtratt  and  lithium  have  been  used. 


*  1  Gauss  -  10'4 
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The  following  ferrites/garnets  are  available 


garnets 
MgMn  ferrites 
NiZn  ferrites 
Lithium  ferrites 


4irMg  £  1800  Gauss 
4irMs  £  2400  " 

4irMs  £  5500 
4*Mg  £  5500  - 


We  see  therefore  that  the  required  value  of  7500  Gauss  is  not  available 
and  that  the  maximum  frequency  with  optimum  choice  of  4irMs  value  is 
26  GHz. 

The  maximum  4ttMs  values  for  these  type  of  ferrites  are  also  from  a  fun¬ 
damental  point  of  view  the  highest  values  and  no  higher  values  for  these 
types  can  therefore  be  expected  in  the  future. 

Another  ferrimagnetic  material  is  the  hexagonal  ferrimagnetic  oxide. 

This  semiconducting  material,  BaFe^^Q^g  (BaO- SFi^O-j) ,  which  is  very 
similar  to  the  ferrites,  is  of  considerable  practical  importance  because 
it  exhibits  high  resistivity,  is  ferrimagnetic,  has  an  internal  aniso¬ 
tropy  field  of  17,000  oersteds*,  and  is  a  permanent  magnet  w'th  a  coer¬ 
cive  force  of  3000  oe'.ate  Us .  The  crystal,  which  has  a  hexagonal, 
magnetoplunbite  structure,  exhibits  its  high  magnetic  anisotropy  along 
only  one  axis  of  easy  magnetization,  resulting  in  the  large  coercive 
force.  Ail  of  these  properties  make  this  compound  uniquely  valuable  for 
the  construction  of  waveguide  resonance  isolators  in  the  millimetre -wave 
range,  since  a  portion  of  the  large  d-c  magnetic  field  required  for  fer¬ 
romagnetic  resonance  at  high  frequencies  is  already  built  into  tho  mate¬ 
rial  in  the  form  of  anisotropy  field,  The  commercial  polycrystsl line 
forms  of  the  substance  are  usually  fabricated  in  the  presence  of  a  mag¬ 
netic  field  to  align  the  crystallites  permanently. 


*  1  oersted  -  loV4*  A/a 
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There  is  an  additional  group  of  ferrimagnetic  hexagonal  compounds,  very 
similar  Co  BaFe3+12°i9'  which  can  be  formed  from  combinations  of  JaO, 
Fe20j  and  fte^40,  where  Me^+  denotes  the  usual  divalent  transition  metals 
Co,  Ni,  Mg,  and  so  on.  One  of  these,  He2Y,  has  been  given  the  trade  name 
Ferroxplana  because,  instead  of  uniaxial  anisotropy,  it  has  an  easy 
plane  of  magnetization. 

Similary,  there  exist  Me2Y  and  Me2Z.  A  very  large  magnetic  field  is  re¬ 
quired  to  turn  the  magnetization  out  of  the  easy  plane  or  direction  of 
magnetization.  The  magnetic  anisotropy  field  depends  upon  the  particular 
formulation  and  is  usually  of  the  order  of  10,000  oersteds  up  to  28,000 
oersteds . 

These  materials  are  very  suitable  for  certain  applications  in  the  mm- 
wave  region  where  very  high  magnetic  field  strengths  are  needed  and 
where  the  internal  magnetic  field  can  contribute  to  it  in  a  considerable 
way. 

Thompson  and  Rodrigue  [6]  have  shown  that  hexagonal  ferrites  with  planar 
anisotropy  could  be  used  in  a  remanent  type  of  ferrite  phase  shift  and 
could  even  produce  a  larger  differential  phase  shifter  per  unit  length 
than  the  sofar  used  materials  with  spinel  end  garnet  structures. 

No  indication  has  been  given  regarding  the  losses  to  be  ^xpocted.  The 
article  ends  with  the  following  sentences:  “These  results  offer  some 
promise  to  meet  the  needs  of  millimetre -wave  phase  shifters  whore 
maximum  realizable  magnetization  currently  limits  performance.  However, 
at  this  time  (November  1985),  Che  planar  hexagonal  materials  are  not 
available  on  the  open  market*. 

At  oilliaatre  wave  frequencies  the  y  9*Ms/w0  of  0,6  cannot  be  obtained 
with  the  available  ferrites  and  garnets.  Theretore  a  lower  value  than 
0.6  has  to  be  cccepted.  However,  it  will  be  be  shown  in  chapter  7  that  a 
phase  rhlfter  with  over  990*  differencial  phase  shift  can  be  realized  up 
to  66  CHs  with  e  loss  of  maximal  1  d£. 

VaTiaa  close  to  these  can  be  expected  at  99  GHz. 


TKO  report 


Page 

28 


The  possibilities  with  new  magnetic  materials  including  hexagonal 
ferrites  are  not  clear  at  this  moment  but  might  be  promising  in  the  near 
future . 
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5.  REQUIREMENTS  FOR  PHASED  ARRAY  ANTENNAS  AND  ITS  PHASE  SHIFTERS 

5.1  Array  element  spacing  and  cross-section 

In  a  fully  filled  phased  array  antenna  the  phase  shifters  are  in  general 
placed  in  a  regular  pattern.  An  example  for  a  linear  phased  array  anten¬ 
na  is  given  in  figure  5.1.  The  distance  d  between  the  elements  cannot  be 
chosen  arbitrary.  For  a  distance  d  larger  than  a  free  space  wavelength 
it  can  be  shown  that  more  than  one  equal  phase  front  will  be  formed  at 
the  same  time.  The  direction  of  received  echo’s  from  a  target  can  there¬ 
fore  not  be  determined  unambiguously. 

For  exactly  a  wavelength  (A)  spacing  and  for  all  phase  shifters  with 
identical  phase  shift  setting  three  beam  directions  are  present,  namely 
perpendicular  to  the  antenna  and  at  +90*  and  -90*  from  broadside. 

For  a  scan  angle  +©,  che  +90*  direction  disappears  (>90°)  and  the  -90* 
value  is  going  cowards  broadside. 

For  a  half  wavelength  (A/2)  spacing  only  one  beam  exists  in  front  of  the 
antenna.  Only  when  the  beam  is  at  +90*  another  one  appears  at  -90'.  For 
in  between  spacing  values  (l/2sdsA),  the  broadside  beam  can  be  scanned 
over  a  certain  angle  without  che  occurence  of  the  second  beam.  For  a 
scan  angle  interval  of  +60*  to  -60*  a  spacing  of  Q.53A  is  required.  For 
+45*  to  -^5*  a  spacing  of  0.56A. 

From  these  values  it  follows  chat  a  scan  angle  area  reduction  will  only 
result  in  a  small  dacroaso  of  required  elements.  Generally  speaking  wo 
can  say  chat  a  A/2  spacing  is  required.  This  sats  the  limit  to  ore  di¬ 
mension  of  the  cross -soccion  of  the  phase  shifter.  Ip  a  linear  array  the 
other  diraonsion  of  che  cross-section  is  not  restricted. 

In  a  planar  phased  array  antenna  the  limitation  found  for  one  dimension 
is  also  velid  for  the  other  dimension.  It  can  be  shown  that  two  lattices 
can  be  used  for  which  the  second  twin  beam  (gracing  lobe)  is  not  present 
in  front  of  the  antenna  surface  (half  hemisphere).  Thu  two  possibilities 
arc  given  in  figure  5.2.  Tho  rectangular  lattice  with  an  element  cross- 
section  of  about  A/2  x  A/2  and  the  triangular  lattice  with  an  element 
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cross-section  of  about  X  x  0.28X.  A  cross-section  of  1/2  x  0.561  is  also 
possible. 

For  the  case  of  1  x  0.281  we  see  that  one  dimension  can  be  X  which  means 
that  a  standard  waveguide  width  can  be  used  in  the  radiating  end  of  the 
phase  shifter.  Me  further  see  that  the  area  of  the  phase  shifter  is 
slightly  larger  than  1/4  X  which  will  result  in  a  reduction  in  number 
of  elements  with  about  10-13%  depending  on  the  largest  required  scan 
angle . 

In  this  cross-section  the  fixation  in  the  array  antenna,  the  wiring,  the 
driver  (phase  shifter  power  supply  etc.)  and  cooling  must  be  incor¬ 
porated. 

5.2  Antenna  side-lobe  level  and  related  power  level  in  the  phase 

shifter 

The  information  presented  in  section  5.2  is  valid  for  all  frequencies. 
For  an  antenna  with  uniform  illumination  the  first  side-lobe  level  of  a 
linear  array  antenna  and  of  a  rectangular  shaped  planar  array  antenna 
will  be  -13.2  dB  which  }s  very  high.  The  next  side  lobes  will  be  reduced 
gradually  until  a  level  is  reached  which  la  caused  by  the  various  errors 
of  the  antenna. 

For  a  circular  shaped  antenna  this  first  side-lobe  level  is  -17.6  dB. 

The  power  requirement  of  the  phase  shifter  can  easily  be  calculated  and 

amounts  to  PCota^/N  with  the  total  average  or  peak  power  of  the 

antenna  and  N  the  number  of  phase  shifters.  A  lower  side-lobe  level  can 
be  obtained  by  using  a  tapered  illumination  which  means  a  larger  power 
value  in  the  centre  of  tho  antenna  and  a  lower  one  at  the  edge  (peri¬ 
phery)  of  the  antenna. 

Tho  result  is  an  increase  of  required  power  handling  capability  for  the 
phased  shifters  in  tho  centre.  For  a  circular  shaped  planar  phased  array 
antonna  with  a  half-power  antenna  beamviduh  of  2*  for  uniform  Illumina¬ 
tion,  tho  power  Increase  factor  is  2.6  for  a  first  side-lobe  level  of  - 

2SdB.  3.3  for  -30d£.  3.9  for  -35dB  and  4.5  for  -40dB. 
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At  the  same  time  the  half -power  beamwidth  is  increasing  and  a  larger 
antenna  with  more  phase  shifters  is  needed  to  maintain  the  2°  value. 

The  numbers  for  a  2°  beamwidth  are  N-2690  for  uniform  illumination 
(-17.6  dB),  N-3157  for  -25  dB,  N-3718  for  -30dB,  4162  for  -35  dB  amd 
4632  for  -40  dB  first  side-lobe  level. 

From  these  examples  it  follows  that  a  lower  required  side-lobe  level 
will  result  in  an  increased  beamwidth  or  an  increased  amount  of  phase 
shifters.  Also  the  required  level  of  the  averag  and  peak  power  handling 
capability  of  the  phase  shifter  increases  with  decreasing  side-lobe 
level.  With  increasing  beamwidth  at  fixed  side-lobe  level  the  number  of 
pha.;e  shifters  decreases  and  for  a  fixed  total  power  level  the  power 
handling  capability  of  the  phase  shifter  increases. 

5.3  Pulse  repetition  frequency 

The  time  between  the  transmission  of  energy  pulses  is  dependent  on  the 
required  maximum  range  of  the  radar  system.  The  next  transmission  must 
wait  till  the  reflection  from  targets  from  the  previous  transmission  is 

g 

received  (waves  travelling  with  speed  of  light  -  3-10  m/s).  The  amount 

of  pulses  (transmissions)  per  second  is  called  the  pulse  repetition 
frequency  (p.r.f.).  For  a  long  range  system  this  p.r.f  is  of  the  order 
of  500-1000  Kz, 

For  a  short  range  system  such  as  a  mm-wave  system  the  required  p.r.f  is 
much  higher.  For  a  maximum  range  of  10  km  a  p.r.f  of  15  KHz  is  a  good 
choice.  Airborne  radars  (at  cm  wavelength)  have  in  general  three  p.r.f 
values,  a  low  one  of  500  Hz-lKHz,  a  medium  one  of  10-15KHz  and  a  high 
one  of  200KHz.  This  last  one  is  to  obtain  doppler  information  but  no 
range  information  can  bo  obtained. 

In  case  phased  arrays  are  used  for  these  applications  the  impact  of  a 
medium/high  p.r.f  on  the  choice  of  phase  shifter  type  and  on  the  cooling 
must  be  oxamined.  For  a  non- reciprocal  phase  shifter  the  hysteresis  loop 
aroa  drees  the  p.r.f  -value  and  the  insertion  loss  will  be  transferred 
into  heat.  For  a  reciprocal  phase  shifter  with  the  same  phase  sotting 
(same  beam  direction)  only  the  insertion  loss  will  contribute  to  the 
dissipation  (fixed  scan  direction  is  assumed). 
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For  non- reciprocal  phase  shifters  with  special  driver  technique,  the 
dissipation  can  be  reduced. 

5.4  Mutual  coupling 

In  a  phased  array  antenna  each  radiating  element  is  transmitting  its 
energy  into  free  space  with  the  intention  to  contribute  in  a  optimum  way 
to  the  antenne  main  beam  and  to  a  known  way  to  the  side  lobes.  However, 
in  an  array  environment  with  the  closely  packed  radiators  also  energy  is 
coupled  into  the  neighbour  elements.  The  total  amount  coupled  into  one 
element  by  all  the  surrounding  elements  is  called  mutual  coupling.  This 
amount  is  not  to  be  neglected  and  will  vary  with  frequency  and  with  scan 
angle  due  to  the  change  in  phase  between  adjacent  elements. 

A  compensation  for  this  mutual  coupling  has  to  be  incorporated  in  each 
phase  shifter  element.  However,  a  complete  compensation  for  a  frequency 
bandwidth  of  say  10%  and  a  maximum  scan  angle  of  say  60°  in  all  direc¬ 
tions  from  broadside  is  not  possible!  The  remaining  coupled  energy  will 
interact  with  the  transmitted  energy  and  a  standing  wave  pattern  will  be 
the  result.  In  the  maxima  of  this  pattern  the  energy  density  is  in¬ 
creased.  This  means  that  the  phase  shifter  must  have  a  peak  power  hand¬ 
ling  capability  value)  which  corresponds  with  it.  An  increase  in 

required  peak  power  handling  capability  of  25%  is  quite  normal  for  a 
well  designed  antenna.  In  case  reflections  of  nearby  objects  are  re¬ 
ceived  during  transmission  a  factor  four  higher  capability  is  needed. 
This  is  not  a  must  for  ferrite  phase  shifters  but  it  is  for  a  PIN  diode 
phase  shifter  ii.  order  to  avoid  the  bum  out  of  the  diodes. 

The  presented  information  in  section  5.4  is  valid  for  all  frequencies. 


5.5 


Reproducibility  and  cost 


In  a  phased  array  antenna  many  phase  shifters  are  needed.  For  a  required 
maximum  side-lobe  level  a  related  illumination  is  applied.  large  phase 
and  amplitude  errors  will  increase  the  side-lobe  level  in  particular  the 
phase  errors.  For  that  reason  a  sufficient  number  of  bits  must  be  used 
in  the  phase  shifter  in  order  to  reduce  the  remaining  round  off  error 
(see  chapter  3). 

The  spread  in  insertion  loss,  insertion  phase  (about  3000°  for  a  ferrite 
phase  shifter)  and  differential  phase  shift  must  be  kept  within  tight 
known  limits. 

In  case  a  large  number  of  bits  is  used  large  phase  errors  can  be  correc¬ 
ted  with  the  phase  setting.  Precaution  must  then  be  taken  in  the  driver 
to  incorporate  this  method  on  an  individual  element  basis.  The  system 
has  become  more  complex,  but  a  better  yield  in  phase  shifter  production 
will  be  the  possitive  side  of  it.  Amplitude  errors  cannot  be  compensated 
in  an  easy  way. 

The  lower  the  required  side-lobe  level  the  higher  are  the  production 
requirements  and  therefore  the  cost  per  element.  The  cost  of  the  thou¬ 
sands  of  phase  shifters  in  a  planar  phased  array  antenna  and  the  fact 
that  four  to  five  antennas  are  needed  to  cover  half  the  hemisphere  has 
been  of  concern  over  the  years.  A  very  large  production  has  never  taken 
place  so  far  so  that  companies  were  never  in  a  position  to  introduce 
large  scale  production  methods  economically. 


6. 


EXPERIMENTAL  PHASE  SHIFTER  RESULTS  AT  CM  WAVELENGTH  AND 
EXTRAPOLATION  TO  MM-WAVELENGTH 


The  results  presented  [7]  are  mainly  associated  with  a  large  experimen¬ 
tal  program  undertaken  by  the  Physics  and  Electronics  Laboratory  TNO, 

The  Netherlands  over  a  period  of  greater  than  ten  years.  The  aim  of  this 
program  was  to  examine  the  usefulness  of  three  particular  ferrite  mate¬ 
rials,  the  magnesium-manganese  ferrite  (M) ,  the  lithium  ferrite  (L)  and 
the  (mixed)  garnet  (G) ,  for  various  phased  array  antenna  designs.  This 
program  has  been  carried  out  over  the  frequency  range  3-18  GHz  and 
extrapolated  to  94  GHz. 

6.1  Non-reciprocal  latched  ferrite  phase  shifter 

6.1.1  Phase  shifter  configuration 

The  shape  of  the  ferrite  is  for  all  examined  cases  a  cylinder  with  axial 
concentric  hole  for  the  switching  wire.  The  flux  drive  principle  (partly 
magnetization)  is  used  for  the  driver.  Two  narrow  flat  strips  are  ground 
on  the  cylinder  in  order  to  achieve  good  contact  with  both  broad  walls 
of  the  rectangular  waveguide  in  which  the  ferrite  toroid  is  placed.  The 
width  of  the  waveguide  over  the  length  of  the  toroid  is  adjusted  is  such 
a  way  that  the  differential  phase  shift  is  independent  of  frequency  over 
a  bandwidth  of  at  least  20%.  In  general  this  width  is  smaller  than  the 
standard  waveguide  width.  The  height  of  this  waveguide  part  is  identical 
to  the  height  between  the  two  ground  narrow  flat  strips  and  therefore 
just  a  little  smaller  than  the  diameter  of  the  toroid.  With  the  aid  of 
matching  transformers,  the  cross-section  of  the  ferrite  loaded  waveguide 
is  matched  to  that  of  the  standard  waveguide  (radiating  aperture).  With 
this  set-up,  the  phase  shift,  the  insertion  loss,  the  temperature  depen¬ 
dence  of  the  phase  shift  and  the  peak  power  capability  of  the  phase 
shifter  is  measured. 
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6.1.2  Differential  phase  shift  and  insertion  loss 

The  quality  of  a  phase  shifter  is  given  by  the  Figure  Of  Merit  (FOM) , 
the  differential  phase  shift- insertion  loss  ratio.  The  saturated  phase 
shift  value  is  used  and  the  loss  value  is  determined  for  a  real  phase 
shifter  to  be  used  in  a  phased  array  antenna.  The  result  is  given  in 
figure  6.1.  From  this  figure  and  following  figures  the  diameter  of  the 
rods  with  optimum  properties  can  be  reduced. These  values  are  presented 
in  figure  6.2,  where  the  free  space  wavelength  is  given  as  a  function  of 
rod  diameter.  For  a  frequency  of  about  35  GHz,  the  required  rod  diameter 
will  be  of  the  order  of  2  mm.  If  the  correct  ferrite  is  available  (see 
chapter  4),  an  insertion  loss  of  0.5-0. 6  dB  can  be  achieved  for  all 
frequency  bands  for  the  required  450°  saturated  differential  phase 
shift.  Even  a  tendency  for  lower  loss  at  35  GHz  is  present. 

6.1.3  Dimensions  of  the  phase  shifter 

The  length  required  for  450°  saturated  differential  phase  shift  follows 
from  figure  6.3,  where  the  phase  shift  per  cm  length  is  given  as  a 
function  of  diameter  for  all  four  frequency  bands.  The  complete  phase 
shifter  length  is  formed  by  the  ferrite  length  plus  about  one  guide 
wavelength  (Ag)  for  both  the  two  matching  transformers  and  some  length 
for  the  two  apertures.  This  last  contribution  is  essential  in  order  to 
attenuate  the  higher  order  modes,  so  that  they  cannot  reach  the  matching 
transformer.  The  average  curve  drawn  through  all  the  data  of  figure  6.3 
is  given  by  the  equation  Aip/cm  .  A  «  150. 

At  35  GHz  we  expect  therefore  a  Aip/cm  value  of  175°/cm  (at  diameter  « 

2  mm) . 

The  volume  of  the  ferrite  follows  from  figure  6.4,  where  the  saturated 
differential  phase  shift  per  cm  is  given  as  a  function  of  diameter.  It 
is  clear  that  the  smaller  the  waveguide  the  less  ferrite  is  required.  As 
a  consequence  the  driver  power  and  therefore  the  size  of  the  driver  can 
also  be  made  smaller  for  the  higher  frequencies.  The  average  curve  drawn 
through  all  the  data  of  fJ  ire  6.4  is  now  given  by  the  equation  Atp/cm  . 

A ^  a  2000.  At  35  GHz  we  expect  therefore  a  4ip/cm3  value  of  about 
2 700’ /cm3. 


The  required  waveguide  width  follows  from  figure  6.5.  There  is  no  res¬ 
triction  in  this  width  value  for  a  linear  array  with  E-plane  scan.  For 
use  in  a  planar  array  antenna  the  cross-section  of  the  phase  shifter 
must  be  smaller  than  or  equal  about  X  x  0.28A  or  about  1/2X  x  1/21  for 
wide  angle  scan  in  all  directions  (1  -  wavelength) .  The  average  curve 
through  the  data  is  a  straight  line  going  through  (0,0).  The  waveguide 
width  for  frequency  independent  differential  phase  shift  at  35  GHz  (2  nun 
ferrite  rod  diameter)  is  about  5.7  mm. 

6.1.4  Peak  power  capability 

The  peak  power  capability  (in  kW)  is  given  in  figure  6.6.  The  critical 
peak  power  value  P  ^t.  is  the  minimum  of  all  phase  settings  of  the 
phase  shifter  from  +remanent  to  -remanent.  The  values  given  here  are 
measured  with  r.f.  pulse  length  of  0.5  ns 

Measurements  have  been  made  also  with  longer  pulse  lengths,  but  not  the 
same  one  for  all  ferrite  materials.  For  some  ferrites,  the  Pcri(;.  value 
is  a  little  lower  for  a  longer  pulse  length  than  0.5  ps 
This  is  due  to  the  fact  that  the  spin  waves  need  some  time  to  come  into 
resonance.  The  average  curve  through  the  data  going  through  (0,0)  is 
given  in  figure  5.6  and  at  35  GHz  (2  mm  diameter)  a  peak  power  capabi¬ 
lity  is  expected  of  0,5  kW, 

6.1.5  Temperature  dependence 

In  order  to  have  a  fixed  level  as  a  starting  point  for  the  phase  setting 
of  the  phase  shifter,  the  toroid  is  magnetized  into  "saturation"  with  a 
magnetic  field  strength  of  about  five  times  the  coercive  force. 

Tho  resulting  remanent  state  is  used.  Two  remanent  states  can  be  distin¬ 
guished,  namely  +rem  and  -rem.  As  explained  already  in  section  3.2.2, 
the  +rem  is  used  as  the  starting  point  for  the  differential  phase  shift 
setting  since  it  has  the  lowest  temperature  dependence.  The  loading  of 
the  wave-guide  with  the  ferrite  toroid  increases  the  insertion  phase 
with  about  2500* -3000*  and  from  this  level  a  differential  phase  shift  of 
maximum  360*  Is  installed  with  the  driver.  Starting  in  +rem,  this  means 
a  reduction  of  the  insertion  phase  with  maximum  360*  and  this  differen¬ 
tial  phase  shift  is  therefore  negative.  The  temperature  dependence  of 
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the  insertion  phase  of  +rem  is  given  in  figure  6.7  and  that  of  -rem  in 
figure  6.8.  The  values  are  valid  for  a  saturated  differential  phase 
shift  hep  -  450*.  The  definition  of  6v+rem/6T  is  given  in  figure  6.7  and 
that  of  tretn/^T  fif»ure  6.8.  The  temperature  dependence  of  the 
differential  phase  shift  hip  is  given  in  figure  6.9  and  is  negative.  The 
definition  of  Shtp/S~r  is  given  in  figure  6.9.  A  comparison  of  the  results 
given  in  figure  6.7  with  that  of  figure  6.8  clearly  shows  that  the  tem¬ 
perature  dependence  of  +rem  is  smaller  than  that  of  -rem.  It  must  be 
mentioned  that  the  -remanent  state  with  hip  -  450*  will  never  be  used 
since  a  maximum  of  360*  is  sufficient.  In  this  way  a  much  smaller  tem¬ 
perature  dependence  will  result  than  that  of  -rem  and  this  is  the  reason 
why  a  saturated  differential  phase  shift  of  450*  is  used. 

The  maximum  temperature  dependence  of  aM  phase  shift  values  between  0° 
and  360°  is  given  in  figure  6.10.  These  values  are  equal  to  or  greater 
chan  the  ones  of  figure  6.7.  In  case  +rem  is  the  worst  case,  the  450*  of 
hip  can  be  decreased  until  another  value  is  equal  to  that  of  the  now  also 
reduced  +rem  value.  The  disadvantage  of  a  large  reduction  in  saturated 
differential  phase  shift  will  be  en  increased  switching  time  and/or  less 
straight  phase -switching  time  curve. 

From  figure  6.7,  6.8,  6.9  and  6.10  it  follows  that  the  temperature 
dependency  does  not  vary  a  lot  with  diameter.  For  that  reason  similar 
values  can  be  expected  at  ’’5  GHz  (2  mm  diameter)  unless  the  properties 
of  the  most  suitable  ferrites  at  35  GHz  deviate  a  lot  from  those  at  the 
lower  frequencies  (seo  chapter  4). 

6.1.6  Discussion  and  conclusion  of  non -reciprocal  latched  ferrite 

phase  shifter 

It  is  impossible  to  mention  hero  all  conclusions  that  can  be  drawn  from 
the  given  data  in  chapter  6,  particularly  because  it  depends  on  tho 
application  In  mind.  In  general,  however,  one  can  conclude  from  figure 
5.1  that  the  same  Figure  Of  Merit  (F0H)  can  be  obtained  vlch  ail  three 
examined  ferrite  types  (G,  l..  H). 
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At  Ku-band  two  types  of  material  have  been  studied,  a  KnMg  ferrite  Ml 

with  a  &*M_  value  of  about  2400  Gauss  and  a  lithium  ferrite  LI  with  a 
s 

4*Mg  value  of  about  3200  Gauss.  From  figure  6.1  we  can  see  that  the 
lithium  ferrite  LI  gives  the  highest  FOH-value  and  from  figure  6.3  that 
the  phase  shift  per  unit  length  is  also  higher  for  LI  than  for  Ml.  This 
last  factor  is  in  accordance  with  theory. 

At  35  GHz  we  expect  therefore  a  little  lover  FOH-value  than  follows  from 
the  average  curve  through  the  given  data  of  figure  6.1  and  moreover  a 
little  smaller  Ap/co  value  than  the  one  of  the  average  curve  of  figure 
6.3.  This,  however,  will  not  be  a  limiting  factor  for  the  realization  of 
this  type  of  phase  shifter  at  35  GH2  and  higher  frequencies. 

In  the  beginning  it  has  been  difficult  to  manufacture  the  ferrite  rods 
for  Ku-band  with  a  diameter  of  about  3.5  mm  and  with  an  axial  hole  con¬ 
centric  in  it.  After  having  obtained  experiences,  a  reproducable  seric 
of  ferrite  rods  have  been  manufactured  successfully  with  a  diameter  of 

2.2  mm.  (see  also  chapter  7  and  9). 

For  other  non  r.f.  applications  very  cheap  toroids  with  a  diameter  of 
about  1  mm  have  been  produced  in  large  quantities,  where  another  forrlto 
type  and  another  production  technique  has  been  applied. 

A  survey  of  the  insertion  lost?  of  ferrite  phase  shifters  as  a  function 
of  frequency  is  given  in  figure  6.11  (indicated  by  crosses). 

6.2  Reciprocal  dual -mode  ferrite  phase  shifter 

The  work  on  this  type  of  phase  shifter  has  started  at  a  later  date  chan 
the  non 'reciprocal  one  mentioned  in  section  6.1.  The  amount  of  available 
data  is  therefore  smaller. 

From  the  limited  information  in  literature  and  froat  our  own  results  we 
have  composed  the  curve  in  figure  6.12  of  the  wavelength  as  function  of 
ferrite  rod  diameter. 

From  figure  7.1  it  follows  that  at  35  Cll;  a  rod  diameter  c f.  about  2.2  co 
l<t  required,  however,  this  time  without  »  concentric  hole  in  it. 

A  rod  of  this  dimension  can  be  reproduced  in  manufacture.  In  practice  it 
must  be  proved  that  the  quarter  wave  polarizer  cen  be  built  and  will 
function. 
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AC  94  GHz,  Che  rods  vich  a  dlaueter  of  about  0.8  u  can  just  be  manufac- 
cured,  buc  we  believe  Che  quarter  wave  polarizer  might  cause  some 
difficulties.  Insertion  loss  values  between  0.5  48  and  1.0  dB  have  been 
observed.  No  extrapolation  regarding  insertion  loss  (figure  of  merit) 
can  be  Bade  for  the  ma-wave  region.  Actual  data  will  be  given  in 
chapter  7. 

6.3  PIN  Diode  phase  shifter  on  substrate 

The  theoretical  loss  of  a  PIN  diode  phase  shifter  is  increasing  with  in¬ 
creasing  frequency.  The  loss  of  a  ferrite  phase  shifter,  however,  is  de¬ 
creasing  with  Increasing  frequency.  For  that  reason  wo  have  to  accept  a 
high  loss  vaiue  with  PIN  diode  phase  shifters  at  millimetre  wavelength. 

A  survey  of  some  cases  from  literature  and  from  our  own  work  shows  this 
tendency  clearly  in  figure  6.11  for  the  PIN  diode  phase  shifter. 

Above  a  frequency  of  10  GHz  only  one  case  at  16  GHz  and  one  at  35  GHz  is 
available.  The  oldest  data  of  16  GHz.  where  a  loss  of  3.?  dB  has  been 
reported,  is  incorporated  in  figure  6. 11.  The  35  GHz  result  will  be  dis¬ 
cussed  In  chapter  7 . 

6. <•  Peggla- Spencer  type  of  reciprocal  ferrite  s>hase  shifter 

This  type  of  phase  shifter  ha*  been  studied  a  lot  before  tne  swn- 
recipiccal  latched  ferrite  phase  shifter  has  been  Invented 
The  Seggle- Spencer  phase  shifter  is  reciprocal  buc  not  lacched  and  no 
use  ia  made  of  its  remanent  state  (see  section  3  2.7  for  more  details) 
Th«  cross -section  of  the  rods  or  slabs  are  in  general  of  the  ordet  of  6- 
20*  of  chit  of  the  empty  waveguide  At  35  Gift  the  sice  of  Cite  wave-guide 
cross  section  is  5.6  *  M  «zj;  and  at  94  GH*  i.J  k  2.5  mm®.  The  cross- 
sections  of  the  feertee  rods  and  slabs  are  therefore  of  such  a  magnitude 
that  they  can  be  manufactured  at  35  GHz  (2-5  •a*'}  and  at  94  GKs  (0.26- 
0.65  mmi). 
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7.  EXPERIMENTAL  PHASE  SHIFTER  RESULTS  AT  MM  WAVELENGTH 

In  the  mm-wave  region  three  types  of  phase  shifters  have  been  realized, 
a  35  GHz  ?IN-diode  phase  shifter,  dual-node  ferrite  phase  shifters  at  35 
and  60  GHz  and  non-reciprocal  latched  ferrite  phase  shifters  at  35,  47, 
52  and  66  GHz.  The  results  obtained  will  be  described  in  the  following 
three  sections  7. 1-7. 3. 

7.1  PIN  diode  phase  shifter  on  substrate  at  35  GHz 

At  the  1987  IEEE  MTT  conference  Lang  and  Edward  [8]  have  reported  their 
experimental  results  of  a  4  bit  PIN  diode  phase  shifter  at  35  GHz.  An 
insertion  loss  of  3.9  dB  has  been  obtained  for  a  realization  on  0.01 
inch  thick  alumina.  They  predicted  a  theoretical  insertion  loss  of 
2.3  dB  The  3.9  dB  point  fits  nicely  on  the  extention  of  the  minimum 
curve  of  realized  diode  phase  shifters  of  figure  6.11  as  is  shown  in 
figure  7.1.  Also  the  predicted  theoretical  value  of  2.3  dB  is  given  in 
between  brackets. 

7.2  Dual-mode  reciprocal  ferrite  phase  shifters 

In  1971  the  first  results  of  a  dual -mode  ferrite  phase  shi.ftor  was  re¬ 
ported  by  Whicker  and  Boyd  [9],  Later  Boyd  has  improved  the  design  at 
Microwave  Application  Group  and  hae  extended  the  frequency  range  to 
63  GHz  (10).  Uoe  is  made  of  a  Mg-Mn  ferrite  with  a  AjMs  value  of  3000 
Gauss.  This  lower  4*M.,  value  is  chosen  because  it  will  result  in  a 
iarger  rod  diameter  than  for  the  Li  and  HiZn  ferrites  with  a  4»Ms  of 
5500  Gauss  and  for  Li  also  with  its  higher  dielectric  constant.  Boyd 
also  expects  the  insertion  loss  to  ho  lower  for  the  i5g-Mn  ferrite. 
However,  less  phase  shift  per  unit  length  must  be  expected  for  this 
lower  4irHs  value  and  therefore  more  ferrite  (longer  length)  has  to  be 
used  with  its  inherent  increase  of  insertion  loss. 
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For  comparison  purposes,  it  would  be  nice  to  see  therefore  the  realized 
loss  of  a  phase  shifter  using  Li  ferrite,  since  low  losses  have  been 
realized  with  Li  ferrite  in  the  non-reciprocal  latched  ferrite  phase 
shifter  (see  section  7.3). 

In  a  brochure  of  Boyd's  company  Microwave  Applications  Group  he  has  men¬ 
tioned  the  obtained  properties  of  a  35  GHz  dual -mode  phase  shifters  with 
characteristics  suitable  for  system  applications.  The  supplied  informa¬ 
tion  can  be  seen  in  table  1  and  in  figure  7.2. 


Frequency  Range 
Insertion  Loss 

Return  Loss 

Latching  Phase  Shift  Range 
20*C 
50*C 

RMS  Phase  Error,  (Optimum  Drive) 
20*C 
50’C 

Switching  Time,  (Reset-Set  Cycle) 


34.0  to  36.0  GHz 

0.8  dB  minimus) 
1.0  dB  typical 

20  dB  typical 

430*  typical 
400*  typical 

2.3*  typical 
2.5*  typical 
55  ps  maximum 


Table  1  Summary  of  35CHz  phase  shifter  performance 


in  figure  7.3  he  has  presented  the  minimum  insertion  loss  (base  loss)  as 
a  function  of  frequency  for  the  dual-mode  ferrite  phase  shifter  and  also 
the  predicted  values  for  a  non- reciprocal  version.  This  lest  curve  will 
be  compared  In  section  7.3  with  actual  obtained  results. 

The  base  loss  values  are  still  lover  than  the  published  experimental 
data  of  1  dB  at  35  Gilt  and  1.5  dB  for  60  GHx  (10).  nevertheless,  all 
these  values  are  acceptable  and  much  lover  than  those  of  the  PIN  diode 
phase  shifter. 
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For  use  in  phased  array  antennas ,  where  the  bears  direction  has  to  be 
changed  continuously,  the  switching  tine  of  55  /js  (see  table  1)  might 
have  to  be  decreased  despite  the  fact  that  the  phase  shifter  is 
reciprocal . 

The  survey  curve  of  rod  diameter  as  a  function  of  free  space  wavelength 
given  in  figure  6.12  includes  the  60  GHz  case.  The  final  cross-section 
of  the  dual-mode  phase  shifter  is  larger  than  these  values  because  of 
quadrupole  magnets  and  of  the  magnetic  return  path  (yoke). 

7.3  Non-reciprocal  latched  ferrite  phase  shifters 

At  the  Physics  and  Electronics  Laboratory  TNO,  the  Hague,  The 
Netherlands,  non- reciprocal  ferrite  phase  shifters  have  been  examined  at 
35  GHz  since  1979.  The  first  results  were  presented  at  the  Orlando  MTT 
conference  [11]  without  being  published  in  the  proceedings. 

Lithium  and  nickel  zinc  ferrite  have  been  employed  with  a  4irMs  value  of 
respectively  4810  and  5103  Gauss.  Circular  toroids  were  used  with  a 
length  of  35  mm.  a  diameter  of  2.2  mm  and  a  concentric  hole  of  0.35  mra 
diameter.  The  initial  internal  waveguide  width  was  7.1  mm.  At  room 
temperature  a  saturated  differential  phase  shifter  of  433'  has  been 
measured  for  the  lithium  ferrite  and  425'  for  the  nickel  ferrite.  The 
losses  were  respectively  0.55  and  0.7  dB.  The  differential  phase  shift 
was  nearly  frequency  independent  and  the  match  (VSUR)  was  better  than 
1.5  over  a  frequency  band  of  6  GH?  around  34  GHz  »n  can  be  scon  in 
figure  7.4  for  lithium  ferrits  on  top  and  for  nickel  ferrite  at  the 
bottom.  A  very  shallow  cylindrical  gap  was  machined  in  the  two  walls  of 
the  phase  shifter  to  hold  the  ferrite  rod  and  also  to  make  good  contact 
with  this  rod.  The  height  of  Che  waveguide  was  therefore  2.1  mm. 

The  width  of  the  waveguide  has  been  further  reduced  Co  5.14  am  and  the 
diameter  of  Che  ferries  rods  to  2.17  aa. 

For  4  rods  of  Li  ferrite  the  saturated  differential  phase  shift  varied 
between  430*  and  454' ,  the  minimum  insertion  loss  between  0.5  and 
0.6  d3.  The  temperature  dependence  in  the  ♦remanent  point  was  0.8*/'C 
and  in  -remanent  point  1.6'/*C. 
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The  critical  peak  power  Pcrit“  1,8  kW  at  -remanent  and  2.5  kW  at 
+remanent  for  a  pulse  length  of  0.2  ps  The  measured  curves  with  these 
results  are  given  in  figure  7.5.  Also  the  case  for  0.1  ps  pulse  length 
is  given  and  the  Pcrit  values  are  slightly  higher  than  for  0.2  ps  pulse 
length  as  expected  (see  section  6.1.4).  The  remanent  (squareness)  ratio 
of  the  Li  ferrite  is  0.9.  The  magnetostriction  will  be  discussed 
separately  at  the  end  of  this  section.  For  two  nickel -zinc  ferrite  rods 
the  following  result  has  been  measured.  Saturated  differential  phase 
shift  400°-425'’,  minimum  insertion  loss  0.7-0. 8  dB,  temperature 
dependence  1.04'“/*C  at.  +remanent  and  1.95“/“C  at  -remanent,  Pcrit  -  15 
kW  at  +remanent  and  17  kW  at  -remanent  for  a  pulse  length  of  0.2  ps  For 
a  pulse  length  of  0.1  ps  these  values,  are  respectively  15  and  20  KW. 

The  curves  are  given  in  figure  7.6.  The  points  at  which  the  losses  start 
to  increase  are  more  sharply  defined  in  figure  7.6  than  In  figure  7.5. 
The  intersection  of  the  two  lines  is  used  for  the  Pcrjt  value.  This  is 
perhaps  the  reason  that  the  Pcr^t  value  for  Li  ferrite  is  lowest  at  - 
remanent  and  for  Ni  ferrite  at  +remanent. 

The  insertion  loss  values  for  low  power  are  arbitrary  and  not  real  cali¬ 
brated  values.  The  loss  of  0.3  dB  of  the  two  employed  waveguide  tapers 
are  also  included  in  these  values.  It  must  be  mentioned  that  these  first 
rods  were  not  perfectly  manufactured.  Some  of  them  were  slightly  conical 
or  not  perfect  straight.  Also  the  hole  was  not  always  perfect  concen¬ 
tric.  All  these  factors  gave  rise  to  some  fluctuating  properties  as  a 
function  of  frequency  and  from  rod  to  rod.  The  best  loss  values  have 
been  taken  here.  An  example  of  the  experimental  results  is  given  in 
figure  7.7.  Later  a  production  series  has  been  made  with  bettor  rods. 

The  result  of  it  is  given  in  chapter  9  and  compares  very  well  with  the 
quoted  numbers  hero.  For  a  reduced  waveguide  width  of  5.14  mm  the 
measurements  were  repeated  and  similar  properties  were  obtained  as  can 
be  seen  in  table  2.  In  order  to  take  away  the  conical  shape  of  some  of 
the  NiZn  rods,  these  rods  were  ground  to  a  uniform  diameter  of  2.17  mm 
and  measured  again  at  35  CHz  for  a  waveguide  width  of  5.14  am. 
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The  mast  promising  is  the  Li  ferrite  when  the  extreme  large  peak  power 
capability  of  NiZn  ferrite  is  \  ot  required.  As  will  follow  later,  from  a 
point  a  view  of  magnetostriction,  the  Li  ferrite  is  preferred. 

Some  of  the  Li  ferrite  rods  have  been  ground  to  2.0  mm  diameter  and 
tested  by  us  at  FGA$,  Werthhoven,  Germany  with  their  microwave  equipment 
at  47  GHz  [12].  The  result  is  given  in  table  2.  A  VSWR  at  this  fixed 
frequency  between  1 . 1  and  1 . 3  has  been  measured  for  a  matching  3/4 
wavelength  transformer  of  1.9  x  0.8  x  3.07  mm  made  from  a  dielectric 
material  with  er  -  6.  A  switching  time  of  25  ns  was  needed  for  reset  and 
set  for  a  driver  voltage  of  30V. 

After  these  measurements  the  rod  diameter  has  been  decreased  further 
till  1.7  mm  and  measured  at  52  and  66  GHz  again  at  FGAN  and  also  at 
47  GHz  [13],  The  results  are  given  in  table  2.  At  52  GHz  the  available 
transformer  of  0.7  mm  was  too  large  and  a  3/4  wavelength  transformer  has 
been  used  of  1.6  x  0.57  x  1.7  mm  (ef  -  6)  resulting  in  a  VSWR  between 
1.1  and  1.43.  The  1/4  wavelength  transformer  will  be  about  0.6  mm  long 
(1.6  x  0.57  x  0.6  mm).  At  66  GHz  the  matching  transformer  with  a  length 
of  0.7  mm  gave  good  results.  The  VSWR  was  for  all  cases  below  1.5.  At 
last  the  measurements  were  also  made  at  47  GHz  with  the  0.7  mm  long 
transformer.  The  VSWP.  was  larger  than  3  and  for  that  reason  the  insert¬ 
ion  loss  has  not  been  measured.  A  very  large  differential  phase  shift 
has  been  measured  (see  table  2).  A  photo  of  the  measurement  set-up  and 
of  the  opened  phase  shifter  is  shown  in  figure  7,3. 
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Frequency  (GHz) 

35 

35 

47 

47 

52 

66 

Ferrite  type 

Li 

Hi 

Li 

Li 

Li 

Li 

4ttMs  (Gauss) 

4810 

5103 

4810 

4810 

4810 

4810 

diameter  (mm) 

2.2 

2.17 

2.0 

1.7 

1.7 

1.7 

length  (mm) 

35 

35 

35 

35 

35 

35 

A <p  at  20°C  (deg) 

433 

400 

430 

520 

340 

385 

ins. loss  (dB) 

0.55 

0.8 

1 

1 

1 

PCrif  <kW> 

1.9 

14.2 

- 

- 

- 

- 

rem. ratio 

0.9 

0.85 

0.9 

0.9 

0.9 

0.9 

SAip 

-  (V°C)  (+rem) 

Sat 

0.8 

1.04 

- 

- 

- 

- 

SAip 

-  (V* C)  (-rem) 

Sat 

1.60 

1.95 

- 

- 

- 

- 

waveguide  width  (mm) 

5.14 

5.14 

4.7 

2.3 

2.3 

2.3 

waveguide  height  (mm) 

2.1 

2.1 

1.9 

1.6 

1.6 

1.6 

magnetostriction 

low 

high 

low 

low 

low 

low 

FOM 

700 

500 

430 

520 

340 

385 

Ap/cm 

123 

114 

123 

148 

97 

110 

Aip/cm^ 

3250 

3090 

3910 

6540 

4280 

4840 

Aip/cm  •  X 

105 

97 

79 

94 

56 

50 

Aip/cm^-l2* 

2350 

2230 

1590 

2660 

1420 

1000 

*  For  lower  frequencies^ 

"]  Aip/cm 

J  Aip/cm1 

■A  -  150 

5-as  -  2000 

Experimental  results  of  mm-wave  non- reciprocal  ferrite  phase 
shifters 
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The  magnetos trie tive  properties  of  the  employed  NiZn  and  Li  ferrites 
have  been  obtained  with  the  aid  of  the  measurement  of  the  B-H  loop  as  a 
function  of  pressure  as  described  in  section  3.2.3.  The  original  B-H 
ljop  and  those  as  a  function  of  transverse  and  as  a  function  of  longi¬ 
tudinal  pressure  are  given  in  figure  7.9.  The  percentage  change  in  B 
value  as  a  function  of  pressure ,  which  follows  from  figure  7.9,  is 
presented  in  figure  7.10.  Simular  results  for  the  lithium  ferrite  are 
given  in  figure  7.11  and  figure  7.12.  A  comparison  of  figure  7.10  with 
figure  7.12  shows  that  the  pressure  dependence  of  the  lithium  ferrite  is 
very  small  and  that  of  the  nickel  ferrite  much  higher.  Up  to  now  we  have 
not  examined  whether  a  compensation  is  possible  via  a  small  change  in 
the  chemical  composition  of  these  ferrites. 

A  large  series  of  900  phase  shifters  have  been  built  and  tested  at 
5.6  GHz  with  the  use  of  z  -  0.15  of  figure  3.11  and  the  spread  in  prop¬ 
erties  were  within  acceptable  limits.  Up  to  now  only  the  absolute  pres¬ 
sure  has  been  considered  but  in  an  antenna  the  difference  in  pressure 
between  the  elements  does  count.  The  pressure  dependence  of  the  lithium 
ferrite  is  of  the  same  order  of  magnitude  as  that  of  the  900  phase  shif¬ 
ters  with  z  -  0.15  and  quite  likely  this  lithium  ferrite  can  be  used  as 
it  is. 

A  survey  of  the  insertion  loss  of  a  complete  ferrite  phase  shifter 
(>360°  saturation  differential  phase  shift)  as  a  function  of  frequency 
is  given  in  figure  7.13.  The  boundary  for  t  “  0.5-12  kW  from  figure 
5.11  is  indicated  by  the  dashed  line.  Probably  due  to  the  fact  that  an 
optimum  4jrMs -value  is  not  available  above  26  GHz,  the  losses  are  slight¬ 
ly  higher  at  50-60  GHz  than  at  lower  frequencies.  The  value  at  50-60  GHz 
are  minimum  measured  values  for  the  first  constructed  phase  shifter. 
After  optimization  it  will  become  clear  whether  the  loss  will  remain  at 
this  level  under  all  circumstances  (e.g.  as  a  function  of  frequency  over 
a  10%  bandwidth  etc . ) .  However ,  the  loss  values  presented  here  are  lower 
than  the  predicted  one  presented  in  figure  7.3  despite  the  fact  that  no 
dielectric  loading  of  a  larger  ferrite  hole  in  the  toroid  has  been  ap¬ 
plied,  It  might  be  possible  that  the  assumed  high  losses  in  the  walls, 


due  to  concentrated  r.f.  field  near  the  area  of  contact  with  the  fer¬ 
rite,  is  lower  in  our  case  since  a  circular  toroid  is  used  with  very 
little  contact  area  (much  smaller  than  for  a  rectangular  cross-section 
of  the  toroid) .  We  have  further  employed  a  ferrite  with  a  higher  AwMs 
value  than  used  by  Boyd. 

7.4  PIN  diode  phase  shifter  mounted  on  dielectric  waveguide 

Results  in  the  60-80  GHz  band  will  be  discussed 

The  principle  of  this  type  of  phase  shift  has  been  described  in  section 
3.1.2.  Since  the  phase  shift  is  proportional  to  the  length  1  of  the  PIN 
diode  section,  a  diode  as  long  as  possible  is  preferred.  Also  the  possi¬ 
bility  of  using  two  diodes  placed  on  opposite  wells  is  examined.  In 
figure  7.14,  an  example  is  given  of  two  symmetrically  mounted  PIN  diodes 
and  in  figure  7.15,  of  an  offset  mounted  diode  pair.  The  resulting  phase 
shift  for  a  single  diode  and  for  the  symmetrically  mounted  pair  of 
diodes  is  given  in  figure  7.16  for  a  frequency  of  76  GHz. 

A  considerable  increase  in  phase  shift  can  be  observed  for  the  two  diode 
case  in  comparison  with  the  one  diode  case.  However,  also  the  loss  is 
increased  for  the  two  diodes  case.  An  example  for  the  offset  mounted 
diode  pair  is  given  in  figure  7.17.  These  results  must  be  considered  as 
preliminary  ones  and  improvement  in  phase  shift  and  reduction  in  attenu¬ 
ation  are  possible.  Horn  et  all.  [14]  came  to  the  following  conclusions 
in  1983. 

Quote:  "An  electronic  distributed  PIN  diode  phase  shifter  design  tech¬ 
nique  compatible  with  the  dielectric  waveguide  antenna  has  been 
developed.  The  performance  of  the  semiconductor  phase  shifter  using  this 
technique  has  been  investigated  and  described  in  the  60-80  GHz  frequency 
region.  Exceedingly  low  power  drain  electronically  modulated  PIN  diodes 
have  been  utilized  as  the  phase  shifting  elements  placed  on  the  sidewall 
of  the  dielectric  waveguide.  The  guide  wavelength  in  the  dielectric 
waveguide  is  changed  by  the  electronic  modulation  of  the  diode  conduc¬ 
tivity  from  the  nonconducting  state  into  a  high  conductivity  state, 
resulting  in  phase  shifts  of  15  degrees  per  wavelength,  with  a  loss  of 
approximately  1,0  dB  per  wavelength. 
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The  present  characteristics  of  the  phase  shifter  can  be  improved,  par¬ 
ticularly  its  loss,  through  the  utilization  of  technologies,  such  as 
conventional  epitaxial  deposition,  molecular  beam  epitaxial  deposition, 
and  monolithic  metallization  techniques,  in  design  and  fabrication  of 
the  PIN  diodes.  It  is  felt  that  with  these  processing  technologies  the 
present  barrier  problem  of  a  rather  high  absorption  loss  in  the  phase 
shifter  basically  created  by  the  PIN  diodes,  particularly  in  their 
biased  state,  can  be  overcome.  Furthermore,  utilization  of  these  tech¬ 
niques  at  100  GHz  and  above  would  not  only  provide  an  excellent  flexi¬ 
bility  in  handling  the  small  physical  size  of  the  phase  shifter  in 
maintaining  its  required  dimensional  tolerances,  but  would  also  provide 
ruggedness,  better  reliability  and  reproducibility  of  the  millimetre 
wave  phase  shifting  devices  to  be  used  in  phased  arrays  conformal  with 
the  surfaces  of  missiles  and  projectiles  in  the  100-300  GHz  frequency 
region.  In  light  of  the  fact  that  there  are  no  better  phase  shifter 
designs  in  existence  today  in  the  frequency  region  from  60-80  GHz  and 
due  to  the  ever  increasing  requirements  for  millimetre  wave  phase  shift¬ 
ing  devices  above  100  GHz,  further  investigation  and  development  of 
semiconductor  millimetre  and  submillimetre  wave  compact,  light  weight, 
and  cost-effective  phase  shifter  design  is  recommended."  Unquote. 

The  incorporation  of  this  type  of  phase  shifter  in  an  electronic  scan 
technique  will  be  discussed  in  chapter  8. 
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8.  AN  ELECTRONIC  SCAN  TECHNIQUE  AT  MM  WAVELENGTH  USING  BULK 

PIN  DIODES 

8.1  Introduction 

Since  1978  US  Army  Electronics  Research  and  Development  Command,  Fort 

Monmouth,  New  Jersey  has  been  experimenting  with  a  new  method  of  scan¬ 
ning  a  linear  array  antenna.  For  this  study  dielectric  waveguide  is 
employed  which  approach  is  very  applicable  at  mm-wavelength.  They  have 
confined  their  investigation  to  the  frequency  range  of  55-100  GHz.  In 
the  beginning,  the  optimum  dielectric  waveguide  dimensions  were  selected 
for  which  only  one  mode  can  propagate  in  this  waveguide  with  minimum 
loss.  Silicon  is  used  as  dielectric  material. 

8 . 2  Frequency  scan 

With  the  silicon  dielectric  rod  an  antenna  has  been  realized  and  con¬ 
sists  of  the  rod  with  period  metallic  stripe  perturbation  on  one  side.  A 
sketch  of  the  test  set-up  with  this  antenna  is  given  in  figure  8.1. 

With  this  set-up  the  feasibility  of  electronically  scanning  through  a 
range  of  angles  has  been  shown  by  varying  the  frequency  fed  into  the 
silicon  rod.  This  antenna  has  been  optimized  theoretically  and  experi¬ 
mentally  aiming  at  a  large  frequency  scan  for  a  single  fundamental 
waveguide  mode  of  operation  [15], 

In  table  3  the  minimum  and  maximum  waveguide  sizes  for  Che  fundamental 
propagation  mode  are  given. 
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Mode  E? 


GUIDE 

SIZE  (mm) 

FREQUENCY  (GHz) 

MIN 

V2 

MAX 

60 

0.775 

0.772 

1.4 

1.443 

70 

0.67 

0.619 

1.2 

1.237 

94 

0.50 

0.416 

0.9 

0.921 

Table  3  Minimum  and  Maximum  Waveguide  Sizes  for  Fundamental 

In  figure  8.2  an  example  is  given  of  the  change  of  guide  wavelength  Ag 
as  a  function  of  frequency.  The  dimension  of  the  silicon  guide  of  0.9  x 
0.9  mm  cross-section  is  the  maximum  size  for  single  mode  operation  at 
94  GHz.  For  frequencies  below  the  design  frequency  Ag  increases  rapidly. 
In  figure  8.3  an  example  is  given  of  the  radiation  angle  as  a  function 
of  frequency.  For  frequencies  between  57  and  65  GHz,  the  centre  of  the 
radiated  beam  (©max)  varied  from  -68°  to  -7°,  a  change  of  7.5°/GHz. 

The  fact  that  these  radiated  beam  angles  are  negative  agrees  with 
theory.  With  this  simple  and  light  construction  a  large  frequency  scan 
has  been  realized,  which  result  can  be  compared  to  that  of  the  serpen¬ 
tine  waveguide  construction  discussed  in  section  2 . 1  at  lower  frequen¬ 
cies. 

For  various  applications,  the  power  handling  capability  and  loss  .-oust 
also  be  considered.  For  applications  in  missiles  and  smart  munition 
■/.ivse  two  items  will  not  be  a  problem  for  this  technique  and  the  large 
radiation  angle  from  the  antenna  normal,  is  an  advantage  when  the  anten¬ 
na  has  to  be  placed  on  the  surface  of  the  missile  around  the  nose.  The 
entire  angular  sc3n  range  can  be  shifted  by  changing  the  spacing  of  the 
perturbation  as  is  shown  in  figure  8.4  and  also  by  altering  the  silicon 
rod  dimensions.  The  total  length  of  the  perturbation  for  the  case  given 
in  figure  8.3  with  22  scrips  is  only  4  cm. 
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8.3  Electronic  scan  with  PIN  diodes 

The  silicon  dielectric  waveguide  with  perturbations  described  in  section 
8.2  has  been  extended  with  PIN  diodes.  These  diodes  are  placed  at  the 
side  wall  making  a  90s  angle  with  the  wall  with  the  perturbations  on  it. 
A  sketch  of  this  line  scanning  antenna  is  given  in  figure  8.5.  With  a 
change  of  bias  current  of  the  three  employed  PIN  diodes  the  guide  wave¬ 
length  in  the  silicon  rod  can  be  varied. 

In  section  3.1.2  this  principle  is  described  and  has  resulted  there  in  a 
change  of  phase  shift.  Here  it  will  result  in  a  change  of  scan  angle  as 
-has  been  demonstrated  in  section  8.2.  The  electronic  scan  capability  of 
this  set-up  has  also  been  studied  at  the  US  Army  Electronics  Research  & 
Development  Command  at  Fort  Monmouth  since  about  1980  (16),  (17). 

The  frequency  for  this  study  was  about  60  GHz.  For  the  situation 
presented  in  figure  8.5  a  shift  in  scan  angle  cf  about  10%  was  easily 
obtained,  corresponding  to  approximately  a  6.7  percent  change  in  guide 
wavelength  or  a  phase  shift  of  24.3°  per  wavelength  as  can  be  seen  in 
figure  8.6.  The  expected  3  dB  antenna  beamwidth  of  this  set-up  with  16 
strips  at  63  GHz  will  be  about  10*  for  a  moderate  tapered  illumination. 
An  experimental  value  of  about  8*  has  been  measured  as  can  be  seen  in 
figure  8.6  for  curve  A  with  zero  bias  current  and  for  curve  D  for  large 
bias  current  (300  mA) . 

For  bias  current  values  in  between  these  two  extremes,  the  gain  of  the 
radiated  beam  is  reduced  (curve  B  and  C  for  respectively  10  and  18  mA 
bias  current). 

The  result  shown  in  figure  8.6  at  60  GHz  can  also  be  achieved  at  othor 
frequencies  as  can  be  seen  in  figure  8.7  where  the  scan  angle  for  0  mA 
and  300  mA  bias  current  is  given  as  a  function  of  frequency  from  61  to 
66  GHz. 

An  explanation  for  the  gain  reduction  presented  in  figure  8.6  was  found 
and  was  published  in  1982  (18).  As  the  energy  propagates  down  the  di¬ 
electric  runner,  an  evanescent  portion  of  the  wave  is  in  the  air  space 
surrounding  the  dielectric  (figure  8.8)  both  in  the  vertical  and  hori- 
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zontal  directions.  In  the  unbiased  state  the  PIN  diode  behaves  like  an 
insulator  and  in  the  biased  state  as  a  conductor. 

When  the  bias  current  is  in  between  these  two  extremes,  energy  will  be 
absorbed  by  the  PIN  diode  modulation  since  the  conductivity  of  the 
intrinsic  (I)  region  is  intermediate  between  an  insulator  and  a  metal- 
like  conductor. 

In  the  intermediate  conductivity  state,  the  energy  is  not  only  being 
absorbed  but  is  refracting  into  the  lossy  intrinsic  medium.  The  fields 
in  the  runner  and  PIN  modulator  are  envisaged  as  shown  in  figure  8.8.  In 
figure  8.8(a),  (b) ,  and  (c),  a  metal  wall  is  brought  in  from  infinity  to 
a  fixed  position  hj,  determined  by  a  low  permittivity  spacer  which  will 
later  also  serve  as  a  decoupling  device  to  prevent  the  wave  from  dif¬ 
fracting  entirely  into  the  modulators. 

The  presence  of  the  metal  wall  has  been  found  to  inci<..-.<e  A^  thus  making 
the  radiation  angle  0  shift  to  a  more  negative  value.  In  figure  8.8(d). 
(e),  and  (f).  it  was  theorized  that  by  changing  the  excess  carrier  den¬ 
sity  in  the  PIN  diode  i-region,  a  moving  conduction  wall  will  have  a 
similar  effect  to  a  moving  metal  wall. 

In  an  attempt  to  minimize  the  absorption- ref raction  losses  It  was  found 
necessary  to  use  an  optimum  thickness  (h})  of  low  dielectric  constant 
insulating  layer  between  the  silicon  runner  and  the  PIN  diode  modula¬ 
tors.  The  insulator  servos  as  s  space  which  provides  less  coupling  from 
the  runner  to  the  long  PIN  diodes  (total  length  is  2.4  cm)  and  hence 
little  refraction  into  the  diodes  where  losses  occur  due  to  absorption 
and  re-radiation.  If  the  insulating  layer  la  too  thick  there  is  lass 
modulation,  with  the  evanescent  portion  o£  the  wave  traveling  down  the 
runner  undisturbed  and  little  or  no  scan  angle  changes  observed. 

The  optimum  thickness  of  the  insulation  layer  (hs)  shown  in  figure  B.9 
has  bean  determined  for  which  the  line  scanning  antenna  provides  an  aa 
nearly  as  possible  continuous  analog  scan. 


For  the  set-up  shown  In  figure  8.9  an  optimum  result,  has  been  obtained 
which  is  given  In  figure  b.10  and  amounts  a  scan  of  about  5*  with  nearly 
uniform  radiated  power  as  a  function  of  radiation  angle.  The  lowest 
radiated  power  is  observed  for  a  total  bias  current  of  about  3  mA  (1  mA 
per  diode) . 

The  maximum  scan  angle  has  been  reduced  due  to  the  h3  layer  from  8’  to 
5* .  A  theoretical  calculation  (with  metal  walls)  resulted  in  a  scan 
angle  of  about  3.5*  which  is  reasonably  close  to  the  experimental  value 
of  about  5* . 

A  continuous  variable  bias  current  is  needed  for  analog  scanning.  With 
the  two  extreme  bias  states  a  digital  scan  car.  be  realized.  Vhen  small 
scan  angle  changes  are  required  the  corresponding  change  in  guide  wave ■ 
length  must  be  realized  with  sufficient  small  diodes  which  must  fit  in 
the  available  space  between  each  radiator  of  the  linear  array  antenna. 
This  situation  is  comparable  with  that  presented  in  figure  2.3  whore 
each  phase  shifter  has  all  the  phase  setting  possibilities  with  the  aid 
of  2  FIN  diodes  per  bit. 

however,  this  is  no  longer  a  cheap  and  simple  approach.  At  industry  (see 
section  8.b)  a  combination  of  digital  and  analog  scanning  with  the  aid 
of  more  PIN  diodes  on  top  of  each  other  has  been  examined. 

B.4  Continued  research  at  Industry 

A  study  contract  has  been  placed  at  industry  from  July  19S1 -January  1982 
Co  explore  the  realizability  of  a  antenna  with  a  few  linear  arrays  in 
parallel  with  prescribed  properties.  The  result  has  been  presented  in 
two  reports  [191. { 20 j .  A  more  detailed  understanding  of  various  topics 
of  the  set-up  has  been  gathered  In  order  to  reduce  the  losses  far  bias 
current*  between  the  two  extreme#  (0  and  about  10Q  «A  per  PIN  diode).  It 
was  found  that  the  resistivity  *  of  the  diode  should  be  as  large  as 
possible.  Values  of  f'i  10*  oh»-c*  were  found  resulting  in  a  low  loss 
(tan  is  1.610**).  Per  a  large  resistivity,  clue  conductivity  <t  is  small 
(a  •  l/a) 
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On  the  other  hand  a  large  conductivity  is  required  to  achieve  a  large 
carrier  lifetime  of  the  PIN  diodes.  A  carrier  lifetime  of  10-20  ps  has 
been  obtained  for  the  size  of  PIN  diode  needed  in  this  linear  array  set¬ 
up.  With  a  larger  diode  a  larger  carrier  lifetime  can  be  obtained. 

Values  of  80  p- sec  have  been  found. 

The  general  conclusion  of  this  study  was  that  most  requirements  of  the 
antenna  construction  could  be  met  and  that  theoretical  and  experimental 
results  are  in  good  agreement  with  each  other,  but  that  the  carrier 
lifetime  for  this  type  of  application  is  unsatisfactorily  small. 


9. 


RESULTS  OF  A  35  GHZ  LINE/,?  PHASE  ARRAY  ANTENNA  WITH  40  NON¬ 
RECIPROCAL  FERRITE  PHASE  SHIFTERS 


9 . 1  Introduction 

At  the  Physics  and  Electronics  Laboratory  TNO,  a  linear  phased  array 
antenna  with  40  non-reciprocal  ferrite  phase  shifter  has  been  designed, 
developed  and  tested.  Use  is  made  of  the  Lithium  ferrite  and  the  geo¬ 
metry  mentioned  in  section  7,3.  Some  of  the  production  results  will  be 
mentioned  in  section  9.2.  A  constrained  feed  antenna  distribution  net¬ 
work  is  used  and  the  design  is  aimed  at  an  antenna  with  low  side  lobes 
and  broad  bandwidth.  Some  results  will  b«  given  in  paragraph  9.3. 

A  beam  steering  computer  is  used  as  interface  between  the  drivers  of  the 
phase  shifters  and  the  unit  deciding  upon  the  beau  direction  and  fre¬ 
quency  to  be  employed.  This  interface  will  not  be  discussed  further.  To 
avoid  the  large  dead-zone  of  the  radar  of  about  3  km  due  to  the  reset 
time  of  the  phase  shifters  of  about  20  psec  for  receive  after  the  radar 
pulse  has  been  transmitted,  a  special  driver  technique  is  developed  re¬ 
sulting  in  a  dead-zone  of  only  about  250  m.  At  the  end  of  the  receive 
time  (Just  before  the  transmission  of  the  following  radar  pulse)  a  time 
of  6  iis  is  needed  with  this  special  driver  technique  to  set  the  phase 
shifters  for  the  next  transmission. 

The  maximum  p.r.f.  for  a  10  ka  range  is  15  XHz  but  only  4.5  KHz  is  used 
in  this  array.  This  is  duo  to  the  fact  that  the  phase  shifters  are  sta¬ 
bilized  in  an  easy  way  at  45'C  without  any  extra  cooling.  For  a  larger 
p.r.f  than  4.5  KHs  fo'-'ed  cooling  will  be  needed  or  stab!  1  Ication  at  a 
higher  temperature  which  will  amongst  others  has  the  disadvantage  of  a 
reduced  differential  phase  shift  with  the  need  of  longer  ferrite  rods. 
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9.2  Phase  shifcer  production  results 

After  the  initial  measurement  on  ferrite  rods  with  the  tolerance  speci¬ 
fication  presented  in  section  7.3,  the  phase  shifter  with  Lithium 
ferrite  has  been  further  optimized  [20]  .  A  two  step  matching  transformer 
is  used  resulting  in  a  good  match  over  a  much  larger  bandwidth  chan  pre¬ 
sented  in  figure  7.4.  The  result  can  be  seen  in  figure  9.1  for  the  phase 
shifter  with  two  waveguide  tapers  and  load  for  test  purposes  and  also 
for  the  tapers  and  load  separately.  The  result  of  the  phase  shifcer 
alone,  as  used  in  an  array,  will  be  lower  than  the  top  curve. 

A  series  of  150  rods  now  with  size  tolerances  has  been  purchased.  Unfor¬ 
tunately  the  manufacturing  has  taken  place  in  two  batches  which  resulted 
in  slightly  different  average  properties  of  each  batch.  On  the  other 
hand  information  has  been  obtained  regarding  the  spread  between  two  pro¬ 
duction  runs. 

The  first  batch  contains  87  rods  and  the  second  one  63  rods.  The  size  of 
the  diameter,  the  concentricity  error  (diameter  variation  over  the 
length),  che  length  and  the  concentricity  of  the  hole  with  its  toler¬ 
ances  could  be  specified.  The  physical  properties  of  the  fevrice  are  not 
easy  to  specify.  Still  more  difficult  is  the  specification  of  the  phase 
shift,  in  particular  if  one  reminds  that  the  insertion  phase  shift  is 
about  3000*  and  that  from  chat  level  as  starting  point  che  differential 
phase  shift  (0-360")  is  set  (see  section  6.1.5) 

The  best  one  can  do  is  to  require  that  one  batch  of  raw  material  is  used 
for  the  total  production  and  chat  the  rods  are  all  produced  in  an  iden¬ 
tical  way  The  waveguide  width  employod  for  the  ferrite  selection  has 
baen  5.14  mm  (up  to  figure  9.17).  The  conical  error  distribution  tor  the 
first  batch  is  given  in  figure  9.2  and  in  figure  9.3  for  the  second 
hatch. 

The  spread  in  diameter  is  given  In  figure  9.4  for  the  first  batch  and  In 
figure  9.5  for  the  second  batch.  The  spread  in  length  for  the  150  rods 
is  presented  In  figure  9.6.  The  differential  phase  shift  distribution 
for  the  first  batch  is  given  in  figure  9.7  and  for  the  second  batch  in 
figure  9.8. 
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The  concentricity  error  distribution  of  the  hole  in  the  toroid  is  shown 
in  figure  9.9  for  the  first  batch.  There  were  no  errors  in  the  second 
batch.  The  result  for  the  total  of  150  rods  is  given  in  figure  9.10.  The 
relation  between  differential  phase  shift  and  concentricity  error  is 
shown  in  figure  9.11. 

After  these  measurements  50  rods  have  been  selected  to  be  used  for  the 
linear  phased  array  antenna  (40  +  10  spare  ones).  The  insertion  loss  has 
been  measured  at  various  frequencies  and  the  result  is  given  in  figure 
9.12  for  31.5  GHz,  in  figure  9.13  for  34  GHz,  in  figure  9.14  for  35  GHz, 
in  figure  9.15  for  36  GHz  and  in  figure  9.16  for  38.5  GHz.  The  differen¬ 
tial  phase  shift  distribution  for  these  50  rods  is  presented  in  figure 
9.17.  The  results  on  the  right  of  the  dashed  line  are  obtained  by  using 
one  driver  for  the  50  rods.  The  waveguide  width  is  still  5.14  mm. 

Because  an  antenna  constrained  feed  was  used  with  a  standard  waveguide 
width  of  7.14  mm  and  since  a  waveguide  taper  between  this  feed  and  the 
phase  shifters  was  undesirable,  the  50  selected  rods  were  all  tested 
with  a  waveguide  width  of  7.14  mm  and  each  phase  shifter  with  its  own 
not  selected  driver.  This  result  is  presented  in  figure  9.17  at  the  left 
of  the  dashed  line. 

When  the  rods  are  used  with  a  selected  driver  the  result  presented  in 
figure  9.18  is  obtained  (waveguide  width  7.14  mm).  The  insertion  loss 
distribution  for  the  final  selected  40  phase  shifters  for  all  phase 
shift  settings  is  given  in  figure  9.19  for  a  bandwidth  of  2  GHz  around 
35  GHz  .  In  these  insertion  loss  values  the  loss  of  0.2  dB  of  the  two 
waveguide  tapers  needed  for  the  measurements  is  included.  The  average 
valuo  of  0.7  dB  mentioned  in  figure  9.20  for  instance  will  be  0.5  dB 
when  the  single  phase  shifters  ave  used  in  the  phased  array  antenn*.  An 
example  of  an  insertion  loss  measurement  for  one  phase  shifter  as  a 
function  of  frequency  for  various  phase  shift  settings  is  given  ir. 
figure  9.21. 

The  work  presented  in  figure  9.2  till  figure  9.21  was  performed  by  F. A. 
Nennic  of  the  research  group  Radar  of  tho  Physics  and  Electronics 
Laboratory  THO,  The  Netherlands. 
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9.3  Constrained  feed  of  35  GHz  linear  phased  array  antenna 

The  constrained  feed  with  an  amplitude  distribution  for  low  side  lobes 
and  broad  bandwidth  has  been  designed  and  constructed  at  the  Physics  and 
Electronics  Laboratory  TNO.  No  large  effort  was  made  in  minimizing  the 
size  of  it.  A  sketch  of  the  feed  is  given  in  figure  9.22  where  we  see 
three  units,  the  antenna  feed  ending  in  a  linear  array  of  waveguides  at 
an  mutual  distance  larger  than  the  required  half  vax-  length  (A/2),  a 
tapering  section  towards  a  half  wavelength  spacing  and  the  row  of  phase 
shifters.  The  first  and  second  part  are  both  composed  of  two  halfs,  a 
top  and  a  bottom  one  (as  can  be  seen  in  figure  9.22)  which  are  fixed 
together.  In  figure  9.23,  a  photo  is  shown  of  one  half  of  the  feed 
construction.  The  couplers  to  achieve  the  required  amplitude  distribu¬ 
tion  and  the  tapering  part  can  be  seen.  Efforts  have  been  made  to  reduce 
the  number  of  different  couplers  to  a  minimum,  slighty  at  the  expense  of 
the  amplitude  distribution. 

In  the  first  constructed  feed  small  coupling  errors  are  still  present 
but  nevertheless  an  acceptable  side- lobe  level  has  been  achieved  over 
25-30%  frequency  band  as  can  be  seen  in  figure  9.24.  Improvements  are 
therefore  still  possible. 
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A  PLANAR  PHASED  ARRAY  ANTENNA  WITH  2N  MASTER  DRIVERS  INSTEAD 
OF  N2  DRIVERS 


A  rectangular  phased  array  antenna  can  be  considered  to  be  built  up  of  N 
rows  and  N  columns.  The  required  phase  shift  for  an  arbitrary  scan 
direction  is  for  each  array  element  a  combination  of  a  contribution  of 
its  row  and  of  its  column. 

With  low  loss  phase  shifters  and  a  small  amount  of  ferrite,  as  is  the 
case  at  mm  wavelength,  each  array  element  could  be  realized  by  two  phase 
shifters  in  series  [21],  One  of  them  will  be  used  for  the  row  phase 
setting  and  the  other  one  for  the  column  one.  All  phase  shifters  in  a 
row  have  the  same  phase  setting  and  can  therefore  be  driven  by  a  master 
driver,  placed  at  the  periphery  of  the  array  antenna.  The  same  situation 
exists  for  the  columns. 

In  this  way  2N  master  drivers  are  needed,  N  for  the  rows  and  N  for  the 
columns.  Moreover,  no  space  is  needed  in  the  array  for  the  drivers.  At 
35  GHz  for  example  the  average  insertion  loss  is  0.5  dB  (see  figure 
9.21''  and  the  total  loss  for  this  situation  will  therefore  be  1.0  dB 
which  is  still  an  acceptable  value,  The  size  of  the  ferrite  rod  for  a 
3  GHz  non-reciprocal  ferrite  phase  shifter  follows  from  figure  6.4.  For 
the  garnet  G2,  the  diameter  is  13  mm  and  the  length  for  425°  saturated 

O 

differential  phase  shift  is  17  cm,  resulting  in  a  volume  of  22.5  cm. 

The  volume  of  a  35  GHz  ferrite  rod  is  r/4  (0.22)2  3.5  cm^  -  0.13  cm^. 

The  volume  of  the  3  GHz  rod  is  therefore  a  factor  170  larger  than  the 
35  GHz  one. 

An  antenna  with  a  2°  half  power  beamwidth  will  have  about  64  phase 
shifters  in  the  row  and  in  the  column  (rectangular  lattice).  The  amount 
of  ferrite  to  be  magnetized  by  the  35  GHz  master  driver  of  8.5  cm  is 
therefore  less  than  half  the  amount  of  the  3  GHz  rod  and  slightly  more 

O 

than  a  5.6  GHz  rod  of  5.6  cm  .  The  dissipation  in  this  array  will  be 
about  700  Watt  based  upon  a  p.r.f.  of  4,5  kHz,  a  driver  voltage  of  100V 
and  a  saturation  pulse  duration  of  2  iisec  with  an  average  current  of  2 
Ampere.  The  antenna  cross-section  is  30  x  30  cm2  and  the  depth  is  about 
8  cm,  resulting  in  a  dissipation  of  0.1  U/cm^. 
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The  antenna  amplitude  distribution  network  must  be  realized  in  such  a 
way  that  equal  path  length  is  present  or  a  path  length  difference  that 
can  be  compensated  per  row  and/or  per  column.  For  a  space  fed  (optical 
feed)  configuration  the  spherical-planar  phase  front  correction  must  be 
approached  by  that  of  two  cylinders,  resulting  in  phase  errors  in  the 
four  corners  of  the  array  at  the  periphery.  For  an  array  with  a  focal 
length  of  the  order  of  the  diameter  of  the  antenna,  the  side-lobe 
degradation  due  to  these  phase  errors  are  for  many  cases  acceptable ,  but 
not  when  low  side- lobes  are  required. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  advantages  of  electronic  scan  have  been  demonstrated  during 
the  last  two  decennia  in  many  fielded  phased  array  radars 
operating  in  the  cm/dm  wavelength  region. 

The  components  and  devices  for  electronic  scan  in  the  millimetre 
wave  region  can  be  realized  with  good  properties  and  have  been 
demonstrated  in  the  laboratory  up  to  66  GHz.  It  is  expected  that 
a  95  GHz  phase  shifter  can  be  developed. 

The  extrapolation  of  phase  shifter  properties  from  the  cm  wave 
region  to  the  mm  wave  region  has  been  demonstrated. 

So  far  no  real  large  production  of  phase  shifters  has  taken  place 
and  the  related  expected  cost  reduction  has  never  been 
demonstrated  therefore. 

In  addition,  there  are  aspects  of  mm-wave  antenna/phase  shifter 
design,  for  example  masterdrivers ,  which  might  lead  to  cost 
reduction. 

The  use  of  'bulk'  PIN  diodes  for  electronic  scan  has  shown  not  to 
be  feasible  due  to  two  contradictory  requirements. 

The  PIN  diode  phase  shifter  has  too  high  an  insertion  loss  at  mm 
wave  frequencies  and  must  be  disregarded  for  practical  use. 

An  optimum  choice  of  ferrite  material  is  possible  up  to  26  GHz. 
Experimental  results  obtained  above  this  frequency  up  to  66  GHz 
are  found  to  be  acceptable . 

Hexagonal  ferrites  are  being  examined  for  use  in  phase  shifters 
and  this  development  has  to  be  followed  carefully,  particularly 
with  regard  to  all  essential  phase  shifter  properties  and  the 
availability  of  this  ferrite  material. 

With  the  realization  of  a  linear  phased  array  antenna  at  35  GHz, 
it  has  been  demonstrated  that  a  series  production  of  ferrite 
phase  shifters  with  tight  requirements  is  possible. 
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The  minimum  dead-zone  of  about  3  km  due  to  the  employement  of 
non- reciprocal  ferrite  phase  shifter  has  been  reduced  to  250  m  in 
this  phased  array  antenna  with  the  aid  of  a  special  driver 
technique. 

The  non- reciprocal  latched  ferrite  phase  shifter  and  the  recipro¬ 
cal  dual-mode  ferrite  phase  shifter  can  both  be  considered  for 
phased  array  antennas . 

For  low  loss  phase  shifters  the  use  of  2N  master  drivers  at  the 
periphery  of  a  planar  phased  array  antenna  can  considerably  re¬ 
duce  the  number  of  drivers  (from  N2  to  2N)  but  at  the  expense  of 
an  increase  of  phase  shifters  without  drivers  (from  N2  to  2N2). 
The  use  of  the  MMIC  and  MIG  technique  for  the  realization  of 
phased  array  components  at  mm-wave  frequencies  is  being  explored 
at  a  few  centres . 

It  is  recommended  that  this  development  be  followed  carefully 
since  it  might  in  the  long  end  result  in  the  required  break¬ 
through  . 
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Ir.  G.A.  v.d.  Spek  (Groupleader)  Dr.  J.  Snieder  (Author) 
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Figure  2.1 

Frequency  scan  in  a  linear  phased  array  antenna 


Figure  2.2 

Phase  scan  in  a  linear  phased  array  antenna.  Phase 
shifter  parallel  to  each  other 


Figure  3.6 

Twin  slab  ferrite  phase  shifter 


Figure  3.7 


Ferrite  phase  shifter  using  rectangular  coroirt 


INSERTION  LOSS  (d  B| 


Figure  3.8  Phase  shifc  (magnetic  induction)  as  a  function  of  dc 

current  pulse  duration  (magnetic  field  strength) of 
ferrite  phase  shifter 


Figure  3.9  Insertion  loss  as  a  function  of  applied  "'sak  power  for 

tvo  different  types  of  ferrite  phase  shifters 


Transverse  pressure 


Figure  3.10 

Insertion  phase  as  a  function  of  transverse  pressure  for 
different  eacnetication  states  froa  +rea  to  *rera 
Frequency  3  SHs;  2-0% 


lewflifudmol  pressure 


Figure  3.11 

Insertion  phase  as  a  function  of  longitudinal  pressure 
for  different  nagnetisation  states  fros  +rea  to  -seta 
f  requency  3  GHc;  2-0% 


Change  of  differential  phase  shiff  wifh  pressure 
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TRANSVERSE  PRESSURE  tkg/crr/l 


Figure  3.13 


Differential  phase  shift  as  a  function  of  applied 
transverse  pressure  for  various  Hn  substitution  in 
garnet  (s-value)  and  for  a  cagnesiuB-acneanese  ferrite  K5 
U  -  5.6  GHa) 


Change  of  differential  phase  shift  or  8- value  with  pressure 
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Figure  3.17 

Comparison  of  change  of  B  value  with  pressure  with  that 
of  change  of  differential  phase  shift  with  pressure 
(in  percentage)  as  a  function  of  Z-value  for  transverse 
pressures  of  80,  111  and  160  kg/cm2  with  20  kg/cm2  as  a 
reference  (B-value  solid  lines,  phase  value  dashed 
lines) 


lematic  drawing 


Figure  5 . 1 

Front  view  of  linear  phased  array  antenna  with  waveguide 
apertures  as  radiators 


Figure  5.2 


Rectangular  array  lattice  (A/2  *  A/2)  and  triangular 
lattice  (A  x  0.2B  A)  of  planar  array  antenna 
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Figure  6.3 


Differencial  phase  shift  per  cm  length  as  a  function 
rod  diameter 
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Figure  6.6 

Differential  phase  shift  per  cm^  as  a  function  of  rod 
diameter 
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DIAMETER  mm 

Figure  6 . 5 

Waveguide  width  at  frequency  independent  differential 
phase  shift  as  a  function  of  rod  diameter 


Figure  6.6 

Peak  powor  Pcr£r  as  a  function  of  rod  diameter 
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Figure  7.13  fOeauf nc Y !6H«)  - ► 

Insertion  loss  .vs  a  function  of  frequency  for 
non- rcc iproca l  latched  ferrite  phase  shifters  with 
indl rated  P  ^  value 
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Figure  7.14 

Arrangement  of  symmetrically  mounted  PIN  diodes  on  the 
silicon  waveguide 
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Figure  7.15 

Arrangement  of  offset  counted  PIN  diode*  or.  the  silicon 
waveguide 
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Fi gure  8 . 5 

Line  scanning  antenna 
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Figure  8 . 6 

Radiated  power  versus  angle  as  a  function  of  bias 
current 
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Figure  8.7 


Radiation  angle  versus  frequency,  with  and  without  p-i-n 
diode  bias 


Silicon  waveguide.  cross  section,  end  F- field 
distribution,  (a)  Diodes  unbiased  (ideal),  (b)  diodes 


partial!"  biased  (ideal),  (c)  diodes  fuliy 
Udeal'  <d)  field  distribution  diodes  unM 
(«)  F-t\sld  distribution  diodes  small  bias 
distribution  diodes  fully  biased. 
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TOP  VIES 
Figure  8 . 9 

Line  scanning  antenna,  design  parameters .  «  -  numbers  of 
metal  perturbations-19 ;  a-dielectr: c  waveguide  width- 
0.991  mm;  6-dielectric  waveguide  he)  .jnol.01  run; 
d-pevrturbation  spacing-1.88  mm;  t  -spacer  layer 
thickness  on  bottom-0. 24  mm;  1-dielectric  waveguide 
length-11. 0  cm;  h  -spacer  layer  thickness  between 
waveguide  and  dioaes-0.24  mm.  Diode  length  (1,)-1.2  cm; 
diode  length  (l.)-l.l  cm;  diode  height  (a  j-l/O  mm; 
diode  width  \W  f-0.5  mm. 
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Figure  8 . 10 


Peak  radiation  angle  and  relative  peak  power  versus  bias 
current 
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Figure  9.4 

Number  and  percentage  of  ferrite  rods  as  a  function  of 
diameter  of  first  batch  of  87  rods 
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Figure  9.5 

Number  and  percentage  of  ferric®  rods  as  a  function  of 
diameter  of  second  batch  of  63  rods 
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Figure  9.6 

Number  and  percentage  of  ferrite  rode  as  a  function  of 
length  of  150  rods 


FIRST  BATCH. 


Figure  9.7 

Number  and  percentage  of  ferrite  rods  as  a  function  of 
differential  phase  shift  of  first  batch  of  35  rods 
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Figure  9.8 

Number  and  percentage  of  ferrite  rods  as  a  function  of 
differencial  phase  shifts  of  second  batch  of  58  rods 
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Figure  9.9 

Number  and  percentrge  of  ferrite  rods  as  a  function  of 
concentricity  of  first  batch  of  87  rods 
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Figure  9.12 

Number  and  percentage  of  50  selected  ferrite  rods  as  a 
function  of  insertion  loss  measured  at  31.5  GHz. 
Waveguide  width  5.14  mm. 
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Figure  9.13 

Same  as  figure  9.12,  but  now  for  34  GHz 
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Figure  9.14 

Same  as  figure  9.12,  but  now  for  35  GHz 
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Figuro  9.16 

Saco  as  figure  9.12.  but  now  at  38.5  Chi 
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53  SELECTED  PH. SHIFTERS. 
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Figure  9.18 

Number  and  percentage  of  50  selected  ferrite  rods  as  a 
function  of  differential  phase  shifter. 

Each  rod  with  a  selected  driver.  Waveguide  width  now 
7 . 14  mm 
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Figure  9 . 19 

Number  and  percentage  of  40  final  selected  phase 
shifters  as  a  function  of  insertion  loss  for  all  phase 
shift  values  in  a  2  GHz  frequency  bandwidth.  Centre 
frequency  35  GHz. 

An  insertion  loss  of  0.2  dH  due  to  the  employed 
waveguide  tapers  for  test  purposes  must  be  subtracted 
from  these  values 
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Figure  9  20 
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Sane  as  figure  9.19  bur  now  for  a  frequency  banduidth  of 
7  GHz 


Figure  9.21 


Insertion  loss  of  phase  shifter  Including  two  waveguide 
topers  of  0.2  dS  loss  as  a  function  of  frequency  for 
various  phase  shift  settings 
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figure  9.2a 

Worse  side- lobe  lovol  as  a  function  of  frequency  of 
first  constructed  35  GHz  constrained  feed 
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